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Abstract

Biosynthesis and acquisition of nutrients during infection are integral to pathogenesis. Members of

a metabolic pathway, the glycine cleavage system, have been identified in virulence screens of the

intracellular bacterium Francisella tularensis but their role in pathogenesis remains unknown.

This system generates 5,10-methylenetetrahydrofolate, a precursor of amino acid and DNA

synthesis, from glycine degradation. To characterize this pathway, deletion of the gcvT homolog,

an essential member of this system, was performed in attenuated and virulent F. tularensis strains.

Deletion mutants were auxotrophic for serine but behaved similar to wild-type strains with respect

to host cell invasion, intracellular replication, and stimulation of TNF-α. Unexpectedly, the

glycine cleavage system was required for the pathogenesis of virulent F. tularensis in a murine

model. Deletion of the gcvT homolog delayed mortality and lowered bacterial burden, particularly

in the liver and bloodstream. To reconcile differences between the cell culture model and animal

model, minimal tissue culture media was employed to mimic the nutritionally limiting

environment of the host. This reevaluation demonstrated that the glycine cleavage system

contributes to the intracellular replication of virulent F. tularensis in serine limiting environments.

Thus, the glycine cleavage system is the serine biosynthetic pathway of F. tularensis and

contributes to pathogenesis in vivo.
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1. Introduction

Francisella tularensis is an intracellular bacterium and a formidable pathogen. It is highly

infectious, requiring inhalation of only 10 to 50 bacteria to cause a febrile illness known as

tularemia [1]. The pulmonary manifestation of the disease is fatal in up to 60% of cases

without medical intervention [2]. Due to these properties, there is significant concern for

intentional aerosolized release and misuse of this agent in the form of bioterrorism [3]. As

such, F. tularensis is categorized by the Center for Disease Control and Prevention as a tier

one select agent [4].

Often referred to as a “stealth pathogen”, F. tularensis is capable of both suppressing and

avoiding the host immune response [5]. Infection with Francisella evokes little to no

proinflammatory response in vitro and a delayed proinflammatory response in vivo [6].

While eluding detection, this bacterium has a complex intracellular life cycle involving

invasion, phagosomal escape, cytosolic replication, and egress [7]. Significant questions

remain regarding the host pathogen interaction throughout its life cycle, but it is clear that

Francisella is well suited for its intracellular niche. In support of this, F. tularensis is

capable of successful infection and replication in an extensive repertoire of host cells. This

repertoire ranges from immune cells such as dendritic cells, neutrophils, and macrophages to

non-immune cells such as hepatocytes and type II pneumocytes [8, 9]. Thus, Francisella is

capable of circumventing host defense systems and gaining access to the cytosolic

environment.

Organisms must acquire or synthesize various metabolites in order to survive and replicate.

For pathogens, metabolites and metabolic precursors must be derived from the host.

Francisella infects a wide range of host sites including the lung, liver, spleen, and blood

[10]. The bacterium must therefore be metabolically competent for these nutritionally

diverse environments. In support of this, tryptophan biosynthesis in F. tularensis has been

found to be essential in counteracting lung specific inducible tryptophan starvation involving

host production of indoleamine 2,3-dioxygenase [11]. Furthermore, the extracellular phase

of this bacterium relies on a potassium uptake protein known as TrkH to grow in the

potassium-limiting environment of the host’s blood [12]. Cell type specific nutritional

requirements have also been discovered as pyrimidine biosynthesis is required for

replication in macrophages but not in epithelial cells [13]. In contrast, purine biosynthesis is

important to Francisella intracellular replication across cell types and loss of this pathway

results in a dramatic attenuation in vivo [14]. Thus, investigation into pathogen metabolism

during infection has revealed important pathways contributing to F. tularensis pathogenesis.

Broadly, these results have also added to a growing understanding of the microenvironments

in host tissues and the biosynthetic and nutrient acquisition pathways that are critical for

pathogens to colonize these niches.

Despite recent advances, a significant number of metabolic pathways remain

uncharacterized in F. tularensis and their contribution to pathogenesis is unknown [15]. One

particular unstudied pathway, the glycine cleavage system (GCS), has a variety of

noteworthy properties. This system facilitates the degradation of glycine to acquire 5,10-
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methylene-tetrahydrofolate, a one carbon donor utilized in the production of serine,

thymidine, and purines [16]. Therefore, this pathway is expected to contribute to pathogen

fitness in host compartments where these metabolites, such as serine, are limiting. The

homologs of the GCS are transcriptionally upregulated in F. tularensis during infection of

macrophages [17]. A member of this system, the homolog of gcvH, was found to be strongly

induced at the protein level in Francisella isolated from mouse spleens [18]. Furthermore,

this system was identified in an in vivo negative selection screen in the related bacterium,

Francisella novicida [19]. These data suggest that the glycine cleavage system may play an

important role in the metabolic fitness of Francisella tularensis.

In this report, we evaluated the contribution of the glycine cleavage system to the

pathogenesis of F. tularensis. To investigate this pathway, we deleted the F. tularensis

homolog of a required member of this system, the glycine cleavage protein T (gcvT).

Following mutagenesis, strains were assayed for metabolic defects, in vitro virulence

phenotypes, and in vivo pathogenesis. Our results demonstrate that the homolog of the

glycine cleavage system is functional, essential when serine is limited, and ultimately

required for the full in vivo pathogenesis of virulent F. tularensis.

2. Materials and methods

2.1. Bacterial strains

The following reagent was obtained through BEI Resources, NIAID, NIH: Francisella

tularensis subsp. tularensis, Strain SCHU S4 (FSC237), NR-643. Francisella tularensis

subsp. holarctica Live Vaccine Strain (LVS) was provided as a gift from Dr. Karen Elkins

(U.S. Food and Drug Administration). Routine culture of Francisella was performed by

streaking frozen bacterial stocks onto chocolate agar (GC medium base, hemoglobin, and

isovitaleX). Bacteria were grown on plates for three days at 37 °C with 5% CO2 and

subsequently used to inoculate overnight cultures. Unless otherwise specified, overnight

cultures were performed in trypticase soy broth supplemented with cysteine (TSB-C) and

were shaken at 250 rpm at 37 °C. All work with Schu S4 strains was performed in BSL3

containment with approval from the Centers for Disease Control and Prevention Select

Agent Program. Cloning was performed using the E. coli EC100D strain.

2.2. Generation of deletion mutants, complements, and vector controls

Deletion of the gcvT homolog in LVS (FTL_0477) and Schu S4 (FTT_0407) was performed

by allelic replacement as described previously [20]. The flanks of gcvT share 99% identity

between LVS and Schu S4, therefore we utilized a suicide vector (pJH1) containing the

regions 1000 bp upstream and downstream of gcvT in LVS for deletions in both strains. The

upstream flank was generated using CATGGGATCCCCGATAGTTGCTAGCGTGG as a

forward primer and GATCGGTACCTGCTATATGTGATTCATAAAGAGG as a reverse

primer. The downstream flank was generated using

CTAGGGTACCGTCGAGCTAGTTAAACCTAAG as a forward primer and

CTAGGCATGCCTCTCAAATAAGTTGGGTGTAAAGC as a reverse primer. Loss of

gcvT was confirmed by genomic PCR using

CTAGGGATCCGCTACCAACTTTATATGCGGAAGATCC as a forward primer and
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CTAGGGTACCTGACCCACTCATGCGACTTTGTATAC as a reverse primer. Strains

with deletions of the gcvT homolog are annotated as LVS ΔgcvT and Schu S4 ΔgcvT.

Complementation of gcvT was performed in cis using a modified pJH1 suicide plasmid

(pMB1). pMB1 was generated by cutting pJH1 with XhoI to remove extraneous yeast genes

and subsequent religation. The LVS gcvT (FTL_0477) was amplified by PCR with a ~250

bp of upstream region and ligated into pGEM-T, generating pGEMgcvT. This PCR product

was generated using GATCGGATCCCCTGGAGAGAAGATAACCGAAGAATC as a

forward primer and CTAGGCATGCTGACCCACTCATGCGACTTTGTATAC as a

reverse primer. Digestion of pGEMgcvT with BamHI and SphI (restrictions sites present in

the forward and reverse primers) allowed for subcloning of this sequence into pMB1 to

create pMB1gcvT. This procedure was repeated with a PCR amplicon containing only the

250 bp upstream region to serve as a pMB1 vector control. This PCR product was generated

using GATCGGATCCCCTGGAGAGAAGATAACCGAAGAATC as a forward primer

and CTAGGCATGCGAACTATCCACCTAAAAAATTATGCTCG as a reverse primer.

The 250 bp upstream region was expected to contain the gcvT promoter and will also serve

as the homologous sequence for chromosomal integration of both complement and vector

control. The suicide vectors were transferred by tri-parental mating into LVS ΔgcvT and

Schu S4 ΔgcvT as described previously [20]. This procedure was used to generate the

complementing strains (LVS ΔgcvT:pMB1gcvT and Schu S4 ΔgcvT:pMB1gcvT) and the

vector control strains (LVS ΔgcvT:pMB1 and Schu S4 ΔgcvT:pMB1).

2.3. Growth kinetics in broth culture

LVS and Schu S4 strains were cultured overnight, pelleted, resuspended in PBS, and diluted

to an OD600 of 0.1. Chamberlain’s chemically defined media (CDM) was modified as stated

in each figure and overall prepared as previously described [21]. Cultures were shaken at 37

°C for 28 hours with serial measurements of the optical density at 600 nm (OD600) taken

every two to four hours. OD600 readings were performed in a cuvette with a CO8000 Cell

Density Meter (WPA) for Schu S4 strains and in a 96-well plate using an M2 plate reader

(Molecular Devices) for LVS strains.

2.4. Generation of primary macrophages and propagation of A549 cells

Murine macrophages were derived from the bone marrow of C57BL/6J mice as described

previously [22]. Macrophages were propagated in Dulbecco’s Modified Eagles Medium

(DMEM) with 20% FBS, 25 mM HEPES, 2 mM glutaMAX, 1 mM sodium pyruvate, 1 ×

MEM non-essential amino acids, and 25% L-cell supernatant. L-cell supernatant was

derived from L929 cells as previously described [22].

Human macrophages were differentiated from monocytes isolated from human peripheral

blood mononuclear cells as previously described [23]. Briefly, buffy coats were purchased

from the New York Blood Bank. Mononuclear cells were enriched from the buffy coat using

a Ficoll gradient and monocytes were isolated using an Optiprep gradient and subsequent

panning for adherent cells. Following isolation, monocytes were differentiated for seven

days in DMEM supplemented with 20% FBS, 10% AB human serum (Complement-Replete
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Gem Cell; Gemini Bio-Products), 2 mM glutaMAX, and 25 mM HEPES. After this

differentiation, macrophages were used within three days.

A549 cells were obtained from ATCC (ATCC CCL-185) and handled per ATCC

recommendations. Cells were propagated in Ham’s F-12 (Kaighn’s modification) with 10%

FBS and 25 mM HEPES.

2.5. Intracellular growth assays (standard)

Cells were harvested using lidocaine (4 mg/ml)/EDTA (5 mM) in PBS for macrophages or

0.25% trypsin/1 × EDTA (Gibco) for A549 cells. Cells were transferred from culture dishes

to 96-well Primaria plates (BD biosciences) at a density of 5×104 cells per well. Human

macrophages were placed in infection media (1% AB human serum, DMEM, 2 mM

glutaMAX, and 25 mM HEPES), while murine macrophages and A549 cells were placed in

their normal growth medium described above. Cells were allowed to rest at 37 °C with 5%

CO2 overnight following harvest. Bacteria from overnight cultures were pelleted,

resuspended in PBS, and added to cells at an multiplicity of infection (MOI) of 500. Bacteria

and cells were co-cultured for two hours to allow the bacteria to invade, after which the

media was replaced with HBSS containing 50 μg of gentamicin per ml. Cells were incubated

with gentamicin at 37 °C with 5% CO2 for 30 minutes to kill extracellular bacteria. Cells

were then washed twice with HBSS and placed back in infection/growth media as per cell

type. Two hour time points were harvested immediately following the gentamicin treatment,

while 24 hour time points were harvested after an additional 22 hour incubation at 37 °C

with 5% CO2. To enumerate CFU at each time point, cells from triplicate wells were lysed

with 0.02% SDS in PBS and serially diluted in TSB-C as performed previously [22].

Dilutions were plated onto chocolate agar and CFU counted after three days of growth at 37

°C with 5% CO2.

2.6. Intracellular growth assays (minimal media)

To assess the contribution of media to the intracellular replication without affecting

invasion, the following alterations were made to the above protocol. Murine macrophages

were harvested, infected, and underwent a gentamicin treatment as stated above. After the

two hour time point, macrophages were placed in Minimal Essential Media (MEM, Gibco)

with 10% FBS, 2 mM glutaMAX, and 25 mM HEPES. In some conditions MEM was

further supplemented with 25 mM serine. At 24 hours post infection, cells were lysed and

CFU enumerated from triplicate wells using the same method as above.

2.7. Detection of TNF-α

Bacteria and cells were prepared similarly to the intracellular growth assay. Cells were co-

cultured with bacteria at an MOI of 10 in triplicate wells for 24 hours at 37 °C with 5% CO2.

These supernatants were collected and assessed by ELISA to determine TNF-α

concentration. Human TNF-α was measured using DuoSets (R&D Systems) and murine

TNF-α was measured using a matched antibody pair (eBiosciences).
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2.8. Evaluation of Complement Resistance

Bacteria grown overnight in TSB-C broth were pelleted, resuspended in DMEM, and diluted

to approximately 1 × 106 bacteria/mL in either DMEM or DMEM with 20% AB human

serum (Complement-Replete Gem Cell; Gemini Bio-Products). Bacteria were then

incubated at 37 °C with shaking (250 RPM) for approximately one hour. After this period,

cultures were serially diluted and plated as on chocolate agar. Plates were incubated at 37 °C

with 5% CO2 for approximately three days before CFU were enumerated by visual

inspection. An LVS strain deficient in O-antigen due to a genetic disruption in wbtA was

used as a positive control and exhibited a three-log reduction in CFU after exposure to

serum using this method.

2.9. Mouse model of pneumonic tularemia

To model pneumonic tularemia, 6-8 week old C57BL/6J mice (Jackson Laboratory) were

intratracheally infected as described previously [22]. Bacteria were grown overnight in TSB-

C broth cultures, washed with PBS, and diluted as necessary. An oropharyngeal installation

of 100 CFU was used for all strains. Over the course of disease, mice were scored using a

sickness rubric and were euthanized upon achieving a predetermined score. All animal

experiments were performed in ABSL-3 conditions with approval of the University of

Pittsburgh Institutional Animal Care and Use Committee.

To assess bacterial burden, mice were anesthetized with ketamine (80 mg/Kg) and xylazine

(8 mg/Kg) four days post infection. Blood was collected by cardiac puncture using a

heparinized needle and syringe, diluted, and plated to enumerate CFU. Organs were

harvested, mechanically homogenized, diluted, and plated for quantification of CFU. This

procedure was described previously [13].

3. Results

3.1. The glycine cleavage system of F. tularensis is required for growth in serine limiting
conditions

Previous work in E. coli demonstrated that the glycine cleavage system (GCS) functions in

glycine-dependent serine production, a phenotype only apparent when the serine

biosynthetic pathway (serABC) is disrupted [24]. The serB gene of LVS contains a frame

shift mutation, fragmenting this gene with a stop codon. Thus, the GCS may be essential for

serine biosynthesis in LVS. In order to assess the contribution of the GCS to the metabolism

and pathogenesis of F. tularensis, the homolog of gcvT, a gene required for GCS activity,

was deleted in the attenuated live vaccine strain (LVS, FTL_0477) and in the human

pathogenic strain (Schu S4, FTT_0407). To examine the serine requirement of these strains,

Chamberlain’s chemically defined media (CDM) was utilized [21]. This media normally

contains 3.8mM serine and 0mM glycine. Removal of serine from CDM limited replication

of wild-type LVS (Fig. 1A). The inclusion of 25 mM glycine in serine-free CDM, however,

compensated for the loss of serine and resulted in robust bacterial growth (Fig. 1B). A

functional gcvT homolog was required for LVS growth in serine-free CDM, whether or not

glycine was provided (Fig. 1A and B). LVS exhibited a diauxic growth curve in CDM (Fig.

1C), consistent with previous observations [25]. However, LVS failed to exhibit diauxie in
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serine-free CDM supplemented with glycine (Fig. 1B). Furthermore, strains lacking gcvT

did not exhibit diauxic growth and stopped replicating at the first plateau, demonstrating that

the second phase of the diauxic growth curve required an intact GCS (Fig. 1C).

Supplementing CDM with additional serine resulted in a protracted initial exponential phase

in all strains, but a functional gcvT was still required for growth past the first plateau (Fig.

1D). These phenotypes are attributable to the presence of the gcvT homolog as they were

restored by complementation (Fig. 1A-D). These data suggest that the diauxie of LVS is

related to the source of serine and the initial growth of LVS uses exogenous serine while the

second growth phase breaks down glycine to produce serine in a GCS-dependent fashion.

Overall, these data demonstrate that LVS requires an intact GCS for growth in serine

limiting environments.

Serine metabolism was predicted to differ in the virulent F. tularensis strain Schu S4. Unlike

LVS, Schu S4 contains undisrupted homologs to an additional serine biosynthetic pathway

(serABC), which prevents serine auxotrophy in the absence of GCS in E. coli [24, 26].

Therefore, we expected loss of the gcvT homolog (FTT_0407) to have little effect on the

ability of Schu S4 to grow in CDM lacking serine. Surprisingly, Schu S4 ΔgcvT was also a

serine auxotroph and failed to grow in serine-free conditions without (Fig. 1E) and with

(Fig. 1F) glycine supplementation. Schu S4 ΔgcvT also grew less than Schu S4 with a lower

OD in stationary phase in CDM (Fig. 1G). Serine supplementation abolished differences

between strains, confirming the higher serine requirement of the mutant (Fig. 1H). These

phenotypes are attributable to the presence of the gcvT homolog as they were restored by

complementation (Fig. 1E-H). Therefore, the GCS of Schu S4 is required for growth in

serine limiting environments despite the presence of another pathway annotated for serine

biosynthesis in its genome.

3.2. gcvT homologs do not contribute to in vitro virulence phenotypes in standard tissue
culture assays

Our results indicated that the Francisella GCS conveys a fitness advantage in specific

metabolic environments (Fig. 1). To determine if this advantage would be relevant to

pathogenesis, we examined the contribution of this system to several in vitro virulence-

associated phenotypes. Assays with primary murine and human macrophages revealed no

obvious defects in invasion or intracellular replication in LVS strains (Fig. 2A and B). Co-

culture of LVS strains and either human or mouse macrophages also revealed no differences

in TNF-α release (data not shown). The loss of a gcvT homolog during LVS infection of

non-immune cells also had no effect, as invasion and replication rates among strains were

indistinguishable in A549 cells, a human lung epithelial cell line (Fig. 2C). Additionally, the

GCS was not required for complement resistance in LVS, despite previous links between

this system and serum sensitivity (data not shown) [27]. Overall findings in Schu S4 were

similar to LVS with no differences detected in invasion, replication, or stimulation of TNF-α

production (Fig. 2D-F and data not shown). These results demonstrate that the GCS is not

required for invasion or replication and does not affect immune stimulation in standard

tissue culture assays.
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3.3. gcvT contributes to the pathogenesis of virulent Francisella tularensis in vivo

Thus far, our results indicated that the GCS conveyed a fitness advantage in serine limiting

broth but not in macrophages or lung epithelial cells (Fig. 1 and Fig. 2). After infection of

the lung, Francisella disseminates and replicates in a variety of physiologically diverse sites,

including the spleen, liver, and blood [10, 13]. Therefore, we hypothesized that the GCS of

F. tularensis may provide a fitness advantage in specific host compartments, similar to the

blood-specific role of the potassium uptake protein, trkH [12]. As in vitro findings were

similar between LVS and SchuS4 strains, we focused on the fully virulent F. tularensis

strains in vivo using a murine model of pneumonic tularemia. Mice infected with Schu S4

and the gcvT complement (Schu S4 ΔgcvT:pMB1gcvT) had a median survival of 5.1 and 5.7

days, respectively (Fig. 3). In contrast, infection with Schu S4 ΔgcvT and the vector control

(Schu S4 ΔgcvT:pMB1) led to a median survival of 8.7 and 7.9 days, respectively (Fig. 3).

Thus, the GCS system contributes to the virulence of F. tularensis in vivo.

3.4. The presence of gcvT increases bacterial burden at sites of dissemination

Since the loss of gcvT significantly delayed mortality (Fig. 3), we hypothesized it may also

alter bacterial burden. To evaluate this possibility, organs and blood were harvested four

days post infection and bacterial burden was assessed. In the lungs of animals infected with

Schu S4 or Schu S4 ΔgcvT, bacterial burdens were within one log (Fig. 4A). No significant

difference was detected between the complement (Schu S4 ΔgcvT:pMB1gcvT) and vector

(Schu S4 ΔgcvT:pMB1) at this site. In contrast, other organs had substantially fewer Schu

S4 ΔgcvT than Schu S4: approximately 1.5 logs less in the spleen (Fig. 4B), 2.4 logs less in

the liver (Fig. 4C), and 4.2 logs less in the blood (Fig. 4D). Complementation of gcvT

significantly increased the CFU at these distal sites (Fig. 4B-D). Therefore, the F. tularensis

glycine cleavage system contributes to bacterial burden during infection in vivo and this is

particularly pronounced at sites of dissemination such as the liver and blood.

3.5. gcvT contributes to intracellular replication in vitro in serine limiting conditions

Thus far, there is a discrepancy in which the GCS is required for the full virulence of Schu

S4 in vivo, but it appears to be dispensable for the in vitro model of virulence. Importantly,

experimentation with CDM highlighted the importance of the GCS in serine limiting

conditions (Fig. 1). In vitro assays will be poor indicators of in vivo attenuation for

metabolic pathways if the metabolite of interest is supraphysiological. Therefore, we

hypothesized that a nutritionally minimal tissue culture media, in which serine was not

abundant, would unmask in vitro attenuation. Intracellular growth assays performed using a

minimal media containing lower levels of serine revealed a clear intracellular growth defect

in the Schu S4 strains lacking a functional gcvT homolog (Fig. 5). This defect was specific

for intracellular replication as there was no difference in stimulation of TNF-α using

minimal media (data not shown). Intracellular growth in minimal media was restored upon

complementation (Fig. 5). Furthermore, the intracellular growth defect in the Schu S4

mutant strains could be ablated by supplementation with 25 mM serine, similar to what was

found in CDM (Fig. 5 and Fig. 1H). Thus, gcvT is required for robust intracellular

replication in serine limiting tissue culture media, reconciling the in vitro and in vivo

phenotypes of the glycine cleavage system in virulent F. tularensis.
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4. Discussion

Pathogens employ various mechanisms to circumvent immunity and access host metabolites.

All host sites are not nutritionally equivalent; therefore pathogens encounter unique

metabolic niches [28]. These niches will be colonized and exploited by pathogens with the

required metabolic pathways. In this report, we focused on a Francisella tularensis gcvT

homolog that showed phenotypes strongly associated with the glycine cleavage system

(GCS). The importance of this pathway has been suggested in screens for virulence-

associated phenotypes in Francisella [17-19]. Francisella presents a unique opportunity to

study this system in an acute bacterial setting because it does not have redundant serine

biosynthetic pathways. Since F. tularensis infection results in widespread dissemination of

bacteria, it also allowed examination of the role of glycine cleavage system throughout the

host [10]. Our results demonstrate that the F. tularensis GCS is essential during serine

limitation and contributes to in vivo pathogenesis.

This is the first report, to our knowledge, to demonstrate a role for the bacterial GCS in a

mammalian model of acute infection (Fig. 3 and Fig. 4). This work joins a growing body of

research elucidating the role of this metabolic pathway during pathogenesis. The GCS has

been previously correlated with successful persistence during chronic bacterial infection

with Brucella abortus and has been implicated in the transition to latency in Mycobacterium

tuberculosis [29, 30]. Previous research demonstrated that the Vibrio cholerae GCS does not

contribute to acute colonization of infant mouse intestines [31]. This finding is likely

explained by the presence of an additional serine biosynthetic pathway, but may also

indicate that the gut is not a serine-limiting environment. Surprisingly, our findings with F.

tularensis are similar to in vitro and in vivo phenotypes in the trypanosomatid, Leishmania

major [32]. Despite differences between prokaryotes and eukaryotes, these human

pathogens both lack alternative serine biosynthetic pathways and thus appear to rely on the

GCS during infection. These results strongly suggest that the GCS plays a major role during

serine limitation that may be obscured by other serine biosynthetic pathways. Although the

metabolic contribution was not examined, the glycine cleavage system was recently found to

be required for the virulence of Edwardsiella ictaluri, the causative agent of enteric

septicemia of catfish [33]. Together, these studies highlight the importance of this metabolic

pathway across biological domains and indicate knowledge of the GCS may broadly apply

to diverse pathogenic agents.

The Schu S4 ΔgcvT strain was unexpectedly a serine auxotroph (Fig. 1E-H). Unlike LVS,

Schu S4 is annotated to contain an intact serABC pathway, which would be predicted to

function as an alternative source of serine biosynthesis [26]. The serine auxotrophy

following the loss of the GCS suggested that the serABC pathway was either insufficiently

active in in vitro assays or that it was unlinked to serine biosynthesis in Francisella. In

support of the later, serA and serC have been previously described as participating in

alternative pyridoxine (vitamin B6) biosynthesis [34]. Pyridoxine biosynthesis has recently

been linked to bacterial pathogenesis, although the exact pathway and role in Francisella

virulence is currently unknown [35]. It is thus plausible that F. tularensis utilizes serA

(FTT_1230) and serC (FTT_0560c) for other metabolic pathways besides serine

biosynthesis. The gene annotated as serB in Schu S4, FTT_0568, contains only limited
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homology to the E. coli homolog with 26% identity over a common 186 amino acid region.

A gene annotated as serB in Porphyromonas gingivalis has recently been found to play a

significant role in virulence, independent of metabolism, by facilitating invasion and

suppressing the innate immune response [36]. It is thus conceivable that serB may serve a

non-metabolic role in F. tularensis. Overall, our work demonstrates that the GCS is the only

source of serine biosynthesis for F. tularensis and that the annotated serABC pathway is

either inadequate for, or not involved with, serine production.

While the GCS was required for serine prototrophy in both LVS and Schu S4, these strains

did not behave identically in all CDM conditions. For example, wild-type LVS exhibited a

diauxic growth curve in serine-containing CDM and this feature was notably absent from

wild-type Schu S4 (Fig. 1C, D, G, and H). Furthermore, the addition of 25mM serine to

CDM was sufficient to restore wild-type levels of growth for Schu S4 ΔgcvT but not for

LVS ΔgcvT (Fig. 1D and H). These phenotypes may be the result of underlying metabolic

differences in serine uptake or utilization between these strains. Although LVS and Schu S4

share significant genetic similarity, several transcriptional regulators of the LysR family are

disrupted specifically in LVS [37]. Since many members of the LysR family are involved

with positive regulation of metabolic pathways, it is plausible that these proteins mediate the

differences between strains observed in this study [38]. These data suggest that although

LVS and Schu S4 share similar mechanisms of serine biosynthesis through the GCS, these

strains may differ in regards to serine uptake and utilization.

To our knowledge, this is the first report to reconcile the in vitro and in vivo virulence

phenotypes of the GCS (Fig. 5). Our initial studies demonstrated that Schu S4 strains

lacking the gcvT homolog, FTT_0407, were attenuated in vivo despite the absence of defects

in invasion, intracellular growth, and stimulation of TNF-α in vitro. A previous attempt to

resolve discrepant in vivo and in vitro phenotypes with the GCS in Leishmania major was

unsuccessful [32]. The availability of serine precursors (glycine, glucose, and pyruvate) in

the low serine media may have confounded this previous study. To address this possibility,

we utilized a minimal media containing low levels of both serine and serine precursors. In

vitro assays performed in this serine limiting MEM medium demonstrated that the GCS of

virulent F. tularensis significantly contributes to intracellular replication (Fig. 5). These

results highlight the potential for standard tissue culture media to mask relevant phenotypes

of metabolic genes in vitro by providing supraphysiological levels of nutrients.

The serine auxotrophy of the Schu S4 GCS mutant suggested it could be utilized to examine

compartmentalization of serine availability and therefore site-specific metabolic stresses on

the bacterium. Schu S4 strains without gcvT had lower bacterial burdens in vivo, with the

greatest defect in the liver and blood of infected animals (Fig. 4). F. tularensis replicates

extracellularly in murine blood and thus encounters serum nutrient concentrations [39].

Amino acid levels present in serum are lower than those found intracellularly [40, 41].

Furthermore, tularemia has been linked to a reduction in serum amino acid levels [42].

Based on these data, the blood represents a relatively low amino acid environment during

infection. Since the GCS conveys a fitness advantage in serine limiting environments (Fig.

1), the contribution of the GCS to bacteremia by virulent F. tularensis is likely linked to

serine limitation at this site. It is worth noting that a previous screen in other pathogens
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examining the metabolic pathways required for bacterial replication in the blood did not

identify serine biosynthesis [43]. These studies can be reconciled by the presence of

redundant serine biosynthetic pathways, a feature lacking in F. tularensis but common in

other bacteria. A role for the GCS was also found during hepatic infection (Figure 4C).

Interestingly, activity of the mammalian GCS is restricted largely to the kidney, brain, and

liver [44]. As the liver is a major site of serine and glycine metabolism, a successful hepatic

pathogen will encounter and perhaps exploit this environment. Virulent F. tularensis may

have a need for an intact GCS to overcome serine limitation arising from active host hepatic

metabolism. Alternatively or additionally, Francisella may utilize its bacterial GCS to

access glycine pools destined for degradation by the host’s GCS. These findings suggest

that, in order to successfully establish hepatic infection and bacteremia, pathogens encounter

and must overcome serine limitation.

In contrast to the liver and the blood, there was less than a one log difference in bacterial

burden in the lungs of mice infected with Schu S4 or Schu S4 ΔgcvT (Fig. 4A). This result

indicates that the GCS plays, at most, a minor role during pulmonary infection and further

suggests Schu S4 has access to suitable concentrations of exogenous serine in the lung. One

possible source of serine could be from host polypeptide degradation since Francisella has

already been shown to degrade a host polypeptide, glutathione, to acquire the amino acid

cysteine [45]. Infection with F. tularensis also results in degradation of the lung extracellular

matrix from MMP-9, a lung matrix metalloproteinase, causing polypeptide accumulation

and subsequent neutrophil recruitment [46]. Compared to wild-type mice, MMP-9 deficient

mice had decreased bacterial burden and increased survival after infection with F.

tularensis, suggesting the bacterium benefits from MMP-9 mediated proteolytic cleavage

[46]. The negative impact of MMP-9 is not likely explained by neutrophil recruitment as

depletion of neutrophils during F. tularensis infection does not alter bacterial burden or

prolong survival [47]. Together, these data support the notion that the lung is not a serine-

limiting environment during infection and that host polypeptide accumulation, possibly from

MMP-9 cleavage, may represent a source of amino acids for pulmonary pathogens, such as

F. tularensis.

Pathogens must meet their metabolic requirements in the host environment. Despite the

critical nature of this nutritional interaction, many metabolic pathways have not been

examined for their contribution to pathogenesis. To our knowledge, this study identifies the

first contribution of the bacterial GCS in an acute mammalian model of infection. The GCS

proved to be essential in serine limiting conditions and contributed to the pathogenesis of

virulent F. tularensis. The glycine cleavage system has now been linked to virulence in both

acute and chronic infection in distantly related pathogens. Our work also suggests that

pathogens encounter and must overcome low serine environments in the liver and

bloodstream. This report adds to the growing body of literature regarding the environment

that pathogens encounter in vivo and what pathways are utilized to cope with these

metabolic stresses. Conserved metabolic pathways are attractive therapeutic targets and

additional knowledge of the metabolic interaction between pathogen and host will be

essential to exploit these targets [48].
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Fig. 1. The glycine cleavage system of F. tularensis is required for glycine utilization and growth
during serine limitation
Overnight broth cultures of LVS (A-D) and Schu S4 strains (E-H) were pelleted,

resuspended in PBS, and used to inoculate Chamberlain’s chemically defined media (CDM)

containing 0 mM serine / 0 mM glycine (A and E), 0 mM serine / 25 mM glycine (B and F),

3.8 mM serine / 0 mM glycine (C and G), or 25 mM serine / 0 mM glycine (D and H). The

optical density at 600 nm (OD600) of each culture was measured every two to four hours.

Data are expressed as the mean ± SEM of three independent experiments except for the four

hour time point of Schu S4 strains (E-H), which is from two independent experiments that
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were excluded from statistical analysis. In some cases, error bars are not visible as they are

smaller than the symbol at that time point. * denotes time points that two comparisons (wild-

type vs. Δgcvt, ΔgcvT:pMB1gcvT vs. ΔgcvT:pMB1) both achieved significance.

Significance was considered to be a (p < 0.05) using a two-way repeated measure ANOVA

followed by a Bonferroni multiple comparison correction.
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Fig. 2. The glycine cleavage system does not contribute to in vitro intracellular replication using
standard assay conditions
Overnight TSB-C broth cultures of LVS (A-C) and Schu S4 strains (D-F) were pelleted,

resuspended in PBS, and added to mouse macrophages (A,D), human macrophages (B,E), or

A549 cells (C,F) at a MOI of 500. Bacteria were incubated with cells for two hours and

subsequently subjected to gentamicin treatment as described in the Materials and Methods.

At the indicated time points, cells were lysed and CFU enumerated. Data are expressed as

the mean ± SEM of at least two independent experiments. No significant difference (p <

0.05) was detected with any cell type or time point by one-way ANOVA followed by a

Bonferroni multiple comparison correction.
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Fig. 3. The glycine cleavage system contributes to the pathogenesis of virulent F. tularensis in a
mouse model of pneumonic tularemia
Overnight TSB-C broth cultures of Schu S4 strains were pelleted, resuspended in PBS, and

intratracheally administered to anesthetized mice at 100 CFU. Mice were monitored over the

course of infection and removed upon reaching a predetermined clinical sickness score. Data

are a combination of four experiments, two independent experiments compared Schu S4 to

Schu S4 ΔgcvT and two independent experiments compared Schu S4 ΔgcvT:pMB1gcvT to

Schu S4 ΔgcvT:pMB1. Each strain had at least four mice per experiment and at least nine

mice total. Statistical significance (p < 0.05) was assayed by a log-rank test (Mantel-Cox)

and was achieved for Schu S4 vs. Schu S4 ΔgcvT and for Schu S4 ΔgcvT:pMB1gcvT to

Schu S4 ΔgcvT:pMB1.
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Fig. 4. Schu S4 strains lacking the gcvT homolog have lower bacterial burdens at distal sites
Overnight TSB-C broth cultures of Schu S4 strains were pelleted, resuspended in PBS, and

intratracheally administered to anesthetized mice at 100 CFU. Four days post infection, the

lung (A), spleen (B), liver (C) and blood (D) were harvested, homogenized, and plated to

enumerate CFU. Data in each panel are derived from four experiments: two independent

experiments compared Schu S4 to Schu S4 ΔgcvT and two independent experiments

compared Schu S4 ΔgcvT:pMB1gcvT to Schu S4 ΔgcvT:pMB1. These groups of

experiments are separated by a dotted line. Each symbol denotes the CFU from a single

mouse. Each strain had at least four mice per experiment and at least eight mice total. A *

denotes statistical significance (p < 0.05) by two-sided t-test. The limit of detection was 50

CFU for the lung, 100 CFU for the spleen and blood, and 200 CFU for the liver.
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Fig. 5. A functional glycine cleavage system is required for robust intracellular replication using
minimal media conditions
Overnight TSB-C broth cultures of Schu S4 strains were pelleted, resuspended in PBS, and

added to mouse macrophages at an MOI of 500. Bacteria were cocultured with cells for two

hours and subsequently subjected to a gentamicin protection assay. Following the

gentamicin treatment, minimal media or minimal media with 25 mM serine was added

instead of standard tissue culture media. Strains were already confirmed in Fig. 2D to not

have any differences in invasion (two hour time point) under the same conditions used in

this assay. Cells were lysed 24 hours post infection and CFU was enumerated. Data are

expressed as the mean ± SEM of three independent experiments. Significant difference (p <

0.05) are denoted by a * and were assessed using one-way ANOVA followed by a

Bonferroni multiple comparison correction.
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