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Abstract

Enterococcus faecalis is a commensal bacterium in the gastrointestinal (GI) tract of humans and other organisms. E. faecalis also causes
infections in root canals, wounds, the urinary tract, and on heart valves. E. faecalis metabolizes arginine through the arginine deimi-
nase pathway, which converts arginine to ornithine and releases ATP, ammonia, and CO;. E. faecalis arginine metabolism also affects
virulence of other pathogens during co-culture. E. faecalis may encounter elevated levels of arginine in the GI tract or the oral cavity,
where arginine is used as a dental therapeutic. Little is known about how E. faecalis responds to growth in arginine in the absence of
other bacteria. To address this, we used RNAseq and additional assays to measure growth, gene expression, and biofilm formation in
E. faecalis OG1RF grown in arginine. We demonstrate that arginine decreases E. faecalis biofilm production and causes widespread dif-
ferential expression of genes related to metabolism, quorum sensing, and polysaccharide synthesis. Growth in arginine also increases
aggregation of E. faecalis and promotes decreased susceptibility to the antibiotics ampicillin and ceftriaxone. This work provides a plat-
form for understanding how the presence of arginine in biological niches affects E. faecalis physiology and virulence of surrounding

microbes.
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Introduction

Enterococcus faecalis is found as a low-abundance commensal bac-
terium in the gastrointestinal (GI) tract of humans, animals, and
insects (Gilmore et al. 2013, Lebreton et al. 2017). E. faecalis can be
highly resistant to antibiotics and other antimicrobial treatments,
and it forms robust biofilms on surfaces (Gilmore et al. 2020, Tan
et al. 2020). Outside of the GI tract, E. faecalis is a prevalent cause
of opportunistic infections in wounds, heart valves, implanted de-
vices, the urinary tract, and root canals (Goh et al. 2017, Garcia-
Solache and Rice 2019, Tan et al. 2020). In these environments,
E. faecalis interacts with other microbes and promotes virulence
of pathogens, including Clostridioides difficile, uropathogenic and
enterohemorrhagic Escherichia coli, Pseudomonas aeruginosa, Proteus
mirabilis, and Staphylococcus aureus (Keogh et al. 2016, Tien et al.
2017, Gaston et al. 2020, 2021, Ch'ng et al. 2022, Smith et al. 2022,
Tan et al. 2022). A key nutrient mediating many of these interac-
tions is arginine. E. faecalis, like many bacteria, can metabolize L-
arginine as an energy source through the arginine deiminase (ADI)
pathway, producing ATP, L-ornithine, CO,, and NHs as byproducts
(Deibel 1964, Barcelona-Andrés et al. 2002). Export of L-ornithine
by E. faecalis promotes siderophore synthesis and biofilm produc-
tion by E. coli, and breakdown of arginine by E. faecalis promotes
virulence of C. difficile (Keogh et al. 2016, Smith et al. 2022). Dis-
rupting the ADI pathway can also affect E. faecalis biofilm forma-
tion in vitro (Manias and Dunny 2018, Willett et al. 2019).

The ADI pathway is relevant to health and disease in the oral
cavity (Nascimento 2018). Production of NHj by the oral micro-
biome and the resulting increase in pH can protect against acidi-

fication caused by bacteria such as Streptococcus mutans, as low pH
can lead to the development of caries (cavities) (Burne and Mar-
quis 2000). L-arginine reduces biofilm formation independent of
growth inhibition in a multi-species biofilm with oral bacteria and
leads to growth suppression of caries-causing S. mutans in biofilms
with Streptococcus gordonii and Actinomyces naeslundii (Kolderman et
al. 2015, He et al. 2016). Application of exogenous arginine results
in destabilization and disruption of pre-formed biofilms grown
from S. gordonii monocultures or a mixed oral bacterial commu-
nity (Kolderman et al. 2015, Gloag et al. 2021). In patients with
caries, the use of toothpaste supplemented with arginine led to an
increase in ADI pathway activity and an increase in plaque species
that are associated with health instead of disease (Nascimento et
al. 2014). Outside of the oral cavity, the ADI pathway also affects
biofilms, antibiotic tolerance, gene expression, and pathogenesis
of Streptococcus pyogenes (Freiberg et al. 2020, Hirose et al. 2021),
and exogenous arginine decreases biofilm formation in S. aureus
(Manna et al. 2022). Despite the importance of arginine catabolism
and ADI pathway byproducts on biofilm formation and polymi-
crobial interactions involving numerous bacteria, little is known
about the effect of arginine on gene expression, biofilm formation,
and antimicrobial resistance in E. faecalis.

Our goal was to determine how arginine affects E. faecalis
independent of polymicrobial interactions. Here, we measured
changes in gene expression and biofilm formation of E. faecalis
OGIRF after growth in arginine relative to growth in control
medium without arginine. We found that, similar to other bacte-
ria, growth in arginine decreased biofilm formation by E. faecalis.
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However, pre-formed E. faecalis biofilms were not susceptible to
destabilization by high concentrations of arginine as has been re-
ported for oral streptococci. We also found widespread changes
in gene expression in arginine-grown cells relative to control
cells, including changes in expression of metabolic pathways and
virulence factors. Growth in arginine promoted aggregation, in-
creased cell envelope permeability, and increased resistance to se-
lect cell wall-targeting antibiotics, including ampicillin. Together,
this demonstrates that the presence of arginine induces global
changes in the growth and physiology of E. faecalis, which will
serve as the basis for future studies on how these changes affect
monomicrobial and polymicrobial infections involving E. faecalis.

Materials and methods

Bacterial strains, growth conditions, and reagents

All strains used are listed in Table S3. Bacterial stocks were main-
tained at —80°C in 25% glycerol (w/v). Strains were routinely
grown in complex basal medium (CBM; Deibel 1964) or brain—
heart infusion broth (BHI, Difco). Media was supplemented with
1% agar for solid plates. Unless otherwise noted, strains were cul-
tured under static conditions. Where indicated, cultures were sup-
plemented with arginine, glucose, and glycine (Sigma) from 1 M
stock solutions that were prepared in water and filter sterilized.
Antibiotic discs (BD BBL) were purchased from Fisher Scientific.

RNA sequencing and analysis

OG1RF was diluted to OD600 = 0.02 and grown in CBM with
or without 25 mM arginine for 6 h. Two independent biolog-
ical replicates were used for each condition. Planktonic cells
(~2 x 10° CFU) were mixed with a 2:1 volume of RNAprotect
(Qiagen), pelleted, and stored at —80°C. Biofilms were grown on
Aclar coupons, which were rinsed in phosphate-buffered saline
with 10 mM potassium at pH 7.4 and scraped with a razorblade
to remove cells. Cells were pelleted and stored at —80°C. Pellets
were resuspended in 200 pl TE buffer (10 mM Tris pH 8.0 and
1 mM ethylenediaminetetraacetic acid (EDTA)) supplemented
with 30 mg/ml lysozyme and 500 U/ml mutanolysin and incu-
bated at 37°C for 10 min, after which RNA was extracted using
a Qiagen RNeasy kit following the manufacturer’s instructions.
Lysozyme and mutanolysin were purchased from Sigma. Resid-
ual genomic DNA was removed using Turbo DNase (Ambion)
following the manufacturer’s protocol for two DNase treatments
(rigorous method). Complete removal of DNA was confirmed
using polymerase chain reaction (PCR) with oligos JD460s and
JD461as (Table S3). TRNA was depleted using MICROBExpress
(Ambion). RNA was sent to the University of Minnesota Genomics
Center for TruSeq stranded library preparation and sequencing
on a single lane of an Illumina NextSeq 550 in mid-output mode
(75-bp paired-end reads). Sequencing quality was evaluated using
FastQC (Andrews 2010). Reads were trimmed with Trimmomatic
(Bolger et al. 2014) and imported into Rockhopper for analysis
using standard settings (McClure et al. 2013, Tjaden 2015). Reads
were aligned against a custom OG1RF reference genome in which
intergenic regions are annotated. Fold changes (log2FC) were
calculated from Rockhopper expression values, and g-values <
0.05 were considered statistically significant.

Growth measurements

For growth curves, OG1RF cultures were grown overnight in 3 ml
of CBM. Cells were diluted 1:100 in a 96-well plate (Corning 3595)
using untreated CBM or CBM supplemented with arginine (25 or

50 mM), glucose (25 mM), glycine (25 or 50 mM), or a vehicle con-
trol for a final volume of 200 pl. Three independent biological
replicates (each with three technical replicates) were performed.
Plates were sealed (Microseal B plate seals, Bio-Rad) and incubated
in a Biotek Epoch 2 microplate reader without shaking at 37°C for
15 h. The Agoo was measured every 30 min. Technical replicates
were averaged, and the average of all biological replicates was
plotted. For quantification of colony forming units, OG1RF cul-
tures were grown in glass culture tubes in 3 ml CBM supplemented
with arginine, glycine, and glucose (at 25 and 50 mM). After 24 h,
cultures were diluted (10-fold serial dilutions) and spotted onto
agar plates. CFU/ml was quantified after 24 h incubation.

Biofilm assays

Cultures were grown overnight at 37°C in 3 ml of CBM. Cells were
diluted 1:50 in a 96-well plate (Corning 3595) in 200 pl of CBM
supplemented with arginine or glycine (25 or 50 mM). Three inde-
pendent biological replicates were done for each condition. Plates
were incubated in a humidified plastic container at 37°C for 6 or 24
h. Growth of the cells was quantified by measuring the Aggo using
a Biotek Epoch 2 microplate reader. The planktonic cells and me-
dia were removed by washing three times with de-ionized water.
After drying, the plates were then stained with 0.1% w/v safranin
(Sigma) for 20 min, at which point the plates were washed again
with de-ionized water. For post-growth treatment of biofilms with
arginine, glycine, or glucose, biofilms were grown as described
above, and Ay was measured. A volume of 100 pl of the indi-
cated compound was added to each well for 20 min, after which
biofilms were washed, dried, and stained with safranin. Stained
biofilm material was quantified by measuring Asso. The biofilm in-
dex was then calculated as Asso/Agoo as a representation of biofilm
biomass relative to planktonic cell growth.

Fluorescence microscopy of biofilms

OGIRF cultures were grown overnight in 3 ml of CBM at 37°C and
diluted 1:50 into an optically clear 96-well plate (Nunc MicroWell
tissue culture-treated optical bottom plates). Each well contained
200 pl of CBM with or without arginine (25 and 50 mM), glucose
(25 and 50 mM), or glycine (25 and 50 mM). Plates were grown in
a humidified chamber at 37°C for 24 h. Plates were then washed
once with phosphate buffered saline (PBS, pH 7.4), and 200 pl of
formalin (10% w/v) was added at 4°C for 16 h to fix the cells. For-
malin was removed with a multichannel pipette, and the plate
was then washed once with PBS. A volume of 200 pl of Hoechst
33342 (Thermo Fisher Scientific) dye was added (final concentra-
tion 5 pg/ml) and incubated on the lab bench for 30 min prior to
imaging. The plate was then imaged using a Keyence BZ-X810 mi-
croscope with a Chroma DAPI filter (AT350/50x) at 20x magnifi-
cation. At least three images were acquired for each independent
biological replicate. Images were processed using the rolling ball
background subtraction feature in Fiji and cropped to 500 x 500
pixels.

Auto-aggregation assay

Strains were diluted 1:100 in 2 ml of CBM supplemented with argi-
nine (25 or 50 mM), glycine (25 mM), or glucose (25 mM). Cultures
were grown for 24 h at 37°C at which point 100 pl was removed
from the top of the culture, mixed with 900 pl medium, and used
to measure Agqo. Cultures were vortexed, and another Agoo read-
ing was taken for the mixed culture. To quantify aggregation, the
Agoo of the unmixed culture was divided by the Agy culture after
mixing and multiplied by 100.
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Cell envelope permeability assay

OG1RF pCJK205 and arcD:: Tn pCJK205 were grown overnight in
3 ml of BHI with 10 pg/ml of erythromycin (Erm) at 37°C. The
culture was then diluted to an Agy of 0.05 in 5 ml of fresh CBM
(or tryptic soy broth without added dextrose), 10 ug/ml Erm, and
20 pg/ml of chlorophenol red-B-p-galactopyranoside (CPRG) sup-
plemented with arginine (25 or 50 mM), glycine (25 mM), or glu-
cose (25 mM). Cultures were incubated for 24 h at 37°C, at which
time the Agsp was measured. A volume of 750 ul of culture was
pelleted, and the As;o of the supernatant was measured. To quan-
tify CPRG cleavage relative to growth, the Asyq value was divided
by the Agpo.

Antibiotic disc diffusion assay

CBM agar plates were supplemented with 25 mM arginine,
25 mM glucose, or left untreated. Cultures of OG1RF were grown
overnight in CBM at 37°C, and 200 pl was spread onto each plate.
Plates were incubated at room temperature for 15 min, after
which antibiotic discs (gentamicin, ampicillin, penicillin, minocy-
cline, vancomycin, cephalothin, ceftriaxone, and linezolid) were
placed on the plate surface. Plates were then incubated for 24 h
at 37°C, after which plates were imaged with a Cell Biosciences
FluorChem FC3 plate reader. The zone of clearance for each an-
tibiotic was measured in millimeters using Fiji (Schindelin et al.
2012).

Gelatinase activity assay

Overnight cultures of OGIRF were grown in 3 ml CBM at 37°C.
A volume of 5 pl of the culture was spotted on CBM agar plates
supplemented with 3% w/v gelatin and 25 mM arginine or glu-
cose. Plates were incubated at 37°C for 24 h, after which they were
transferred to 4°C for 24 h prior to imaging. Images were taken
using a Cell Biosciences FluorChem FC3 image, and the diame-
ter of each gelatinase halo was measured in millimeters using Fiji
(Schindelin et al. 2012).

Statistical analysis

Statistical analysis was performed using GraphPad Prism (version
10.1.1). Statistical tests and the number of replicates represented
by each data point are described in figure legends.

Results

Arginine promotes aggregation and decreases
biofilm formation of E. faecalis

In E. faecalis and related bacteria, arginine is metabolized through
the ADI pathway, which generates ATP and leads to a concomi-
tant increase in optical density relative to unsupplemented cul-
tures (Deibel 1964). To confirm this in our system, we used the
well-studied strain OG1RF, which has been used in other stud-
ies demonstrating that arginine metabolism and ornithine pro-
duction enhance virulence and polymicrobial infections (Dunny
et al. 1981, Keogh et al. 2016, Smith et al. 2022). We grew OG1RF
in 96-well plates using CBM supplemented with arginine (25 or
50 mM) and measured Agg over time. CBM was chosen as it was
originally used to study arginine as an energy source in E. faecalis
and contains potassium phosphate, sodium chloride, and yeast
extract (which provides a small amount of carbon and nitrogen)
(Deibel 1964). These concentrations were chosen as they have
been previously used to study the ADI pathway in E. faecalis and
biofilm formation and dispersal in oral streptococci (Deibel 1964,
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Barcelona-Andrés et al. 2002, Jakubovics et al. 2015). Untreated
CBM or CBM supplemented with glucose (50 mM) or glycine (25
or 50 mM) was used as controls. For cultures grown with argi-
nine, the Agqo increased relative to untreated CBM, but the final
Agoo Was not as high as glucose-grown cultures (Fig. 1A). No in-
crease was observed with glycine. We next grew 3 ml cultures
in glass tubes for 24 h and quantified CFU/ml. As expected, the
CFU/ml of cultures grown with glucose was ~0.5 log higher than
untreated CBM cultures, but only a small increase (~0.1 log) was
observed with arginine supplementation (Fig. 1B). Similarly, the
Agoo of glucose-grown cultures in test tubes was higher than un-
treated CBM cultures, but arginine did not lead to a consistent
increase in the Agpo in these cultures as in 96-well plates (Fig. 1C).
During these experiments, we observed aggregation of cells at the
bottom of culture tubes and quantified the % of aggregated cells in
each condition. In 50 mM arginine, the % of aggregated cells rose to
~60% on average relative to ~25% in untreated CBM (Fig. 1D). Ag-
gregation also increased in glucose-grown cells to a similar level
as arginine-treated cultures, but no increase was observed with
glycine. Arginine-dependent aggregation was not observed in Tn
mutants with insertions in the ADI pathway genes arcABC or arcD,
which encode an arginine/ornithine antiporter (Fig. 1E), although
these strains still aggregated when grown in glucose (Fig. S1). To-
gether, these results suggest that catabolism of arginine by E. fae-
calis leads to an increase in aggregation.

Next, we asked how arginine affected E. faecalis biofilm for-
mation, given that arginine reduces biofilm formation in other
Gram-positive bacteria (Jakubovics et al. 2015, Freiberg et al. 2020,
Manna et al. 2022). We grew OG1RF biofilms for 6 or 24 h in 96-well
plates using the media described above and quantified safranin-
stained biofilm material (Asso) relative to Agpo. In early biofilms
(6 h), growth in 25 and 50 mM arginine reduced OG1RF biofilm
by ~50% relative to untreated CBM, but glycine did not affect the
level of biofilm produced (Fig. 2A). At 24 h, biofilm formation in
arginine-supplemented cultures was reduced 60%—-75% relative to
untreated biofilms and those grown with glycine (Fig. 2B). We next
asked whether exogenous arginine added after biofilm formation
could disrupt pre-formed biofilms. Biofilms were grown for 6 or 24
h (Fig. 2C and D), after which arginine, glycine, or a buffer control
was added for 20 min. No dispersal or decrease in biofilm level rel-
ative to control biofilms was observed. Surprisingly, post-growth
treatment of early biofilms with glycine resulted in an increase in
biofilm index values relative to control-treated biofilms, although
this increase was not statistically significant. We speculate that
this may be due to glycine binding to or interacting with a com-
ponent of the early biofilm matrix, since this increase was not evi-
dentat 24 h. We next measured biofilm formation and destabiliza-
tion in higher concentrations of arginine (100, 250, and 500 mM)
that have been used therapeutically and for other studies on oral
biofilms (Kolderman et al. 2015, He et al. 2016, Chakraborty and
Burne 2017, Zheng et al. 2017, Nascimento 2018). We observed
a 70%-95% reduction in biofilm formation when arginine was
added during growth, but surprisingly, addition of 500 mM exoge-
nous arginine did not significantly destabilize pre-formed biofilms
(Fig. S2), even though this concentration was shown to disrupt oral
biofilms in vitro (Jakubovics et al. 2015, Kolderman et al. 2015, He
et al. 2016).

To test whether this disruption in biofilm formation was
dependent on arginine metabolism through the ADI pathway,
we cultured mutants with Tn insertions in arcABCD and mea-
sured biofilm formation with and without arginine. An arginine-
dependent decrease in biofilm formation was not observed in
the arcABCD Tn mutants (Fig. 2E). Interestingly, we previously ob-
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Figure 1. Growth and aggregation of E. faecalis OG1RF grown in arginine. (A) Microtiter plate growth curve of OGIRF grown in CBM supplemented with
the indicated concentrations of arginine, glycine, or glucose. (B) CFU/ml of OG1RF grown in glass test tubes in CBM supplemented with arginine,
glycine, or glucose for 24 h. (C) Absorbance at 600 nm of OG1RF grown in glass test tubes in CBM supplemented with arginine, glycine, or glucose for 24
h. (D) Aggregation assay of OG1RF grown with arginine, glycine, and glucose for 24 h. (E) Aggregation of Tn mutants with insertions in genes encoding
the ADI pathway and an arginine/ornithine antiporter (arcABCD) after growth in untreated CBM or arginine for 24 h. In panel (A), data points represent
the average of three independent biological replicates. For panels (B)—(E), each data point represents one independent biological replicate with two or
three technical replicates. For all panels, error bars represent standard error of the mean. Statistical significance in panels (C) and (D) was determined
by one-way ANOVA with Tukey’s test for multiple comparisons. Comparisons that were not statistically significant are not shown. *P < .05, **P < .01,

P <.001, ***P < .0001.

served a reduction in biofilm formation relative to parental OG1RF
with these mutants in tryptic soy broth without added glucose
(Willett et al. 2019), suggesting that other components of growth
medium may influence biofilm formation through the ADI path-
way. To ensure that this response was not specific to OG1RF, we
measured microtiter plate biofilm formation after 24 h growth in
the presence and absence of arginine for 10 E. faecalis isolates ob-
tained from fecal samples from healthy human volunteers (Leuck
et al. 2014). Arginine-dependent decreases in biofilm formation
were observed for 7 of the 10 strains (Fig. 2F). Two of the strains
(FVEO41 and FVEO71) that did not have reduced biofilm formation
in the presence of arginine formed very poor biofilms in control
conditions. Therefore, we conclude that arginine disruption of E.
faecalis biofilm formation is not a strain-specific effect.

Finally, we asked how biofilm morphology was impacted by
growth in arginine and used fluorescence microscopy to evaluate
the appearance of biofilms grown for 24 h. OG1RF grown in un-
supplemented CBM formed monolayer biofilms (Fig. 2G), similar
in appearance to those observed with OG1RF (Dale et al. 2017, Ko-

rir et al. 2019, Willett et al. 2021). Biofilms grown with 25 mM argi-
nine resembled those grown in CBM, but growth in 50 mM arginine
led to the formation of biofilms with aggregates of cells. Growth
in glycine resulted in monolayer biofilms similar in appearance
to those grown in CBM, whereas growth in glucose resulted in
biofilms with large multi-cellular aggregates, as has been previ-
ously observed in glucose-rich media (Willett et al. 2021). These
data demonstrate that growth in arginine alters E. faecalis biofilm
formation through the ADI pathway.

Transcriptional response of E. faecalis to arginine
Because we observed significant changes in aggregation and
biofilm formation after growth in arginine, we sought to de-
termine how arginine affects global gene expression in E. fae-
calis. We grew planktonic and biofilm cultures of OGIRF in CBM
in the presence and absence of 25 mM arginine for 6 h and
used RNAseq to compare differentially expressed transcripts
(Table S1, Fig. 3). Relatively few loci (genes or intergenic regions)
were differentially expressed in planktonic compared to biofilm
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Figure 2. Arginine affects biofilm formation and structure in E. faecalis. Biofilm formation was measured in microtiter plates with arginine added (A)
prior to growth for 6 h, (B) prior to growth for 24 h, (C) after 6 h growth, and (D) after 24 h growth. For pre-formed biofilms, arginine was added for

20 min and removed by washing. (E) 24 h microtiter plate biofilm formation of OG1RF and Tn mutants with insertions in ADI pathway genes arcABCD.
(F) 24 h microtiter plate biofilm formation of E. faecalis gastrointestinal tract isolates from healthy human volunteers. (G) Fluorescence microscopy
visualization of E. faecalis OG1RF biofilms grown for 24 h in the indicated conditions. Cells were fixed in formalin and stained with Hoechst 33342. The
scale bar represents 50 pm. Images shown are representative of three independent biological replicates. For panels (A)—(F), each data point represents
one independent biological replicate with three technical replicates. Error bars represent standard error of the mean. Statistical significance was
determined by one-way ANOVA with Tukey’s test for multiple comparisons. Comparisons that were not statistically significant are not shown. *P < .05,

P < .01, P < .001, ***P < .0001.

culture relative to the number of genes differentially expressed
in the presence of arginine. A total of 34 loci were downregulated
in biofilms relative to planktonic culture in the absence of argi-
nine, and 8 were upregulated. A total of 35 loci were downregu-
lated in biofilms relative to planktonic culture in arginine, and 8
were upregulated. In planktonic culture, 1037 loci were downregu-
lated, and 909 were upregulated in arginine relative to no arginine.
In biofilms, 922 loci were downregulated, and 963 were upregu-
lated in arginine relative to no arginine. Of the loci upregulated
in biofilms independent of arginine, most are in the ebp operon
encoding production of pili subunits. A total of 24 loci were down-
regulated in biofilms relative to planktonic culture independent
of arginine treatment. Of these, 21 are part of the cryptic phage02
operon spanning OG1RF_11046-11061 (McBride et al. 2007). Many
of these proteins were previously identified in membrane vesicles

derived from OG1RF (Afonina et al. 2021), but the role of phage02
in biofilm formation is unknown. Of the arginine-responsive loci,
842 were upregulated, and 852 were downregulated in both plank-
tonic and biofilm cultures relative to the untreated controls. This
suggests that a majority of transcriptional changes that occur
during growth in arginine happen independent of growth state
(biofilm or planktonic). Based on this, and because we saw signifi-
cant changes in aggregation during planktonic culture, additional
analysis of gene expression changes was done using the plank-
tonic RNAseq dataset.

The 10 most highly upregulated and downregulated loci dur-
ing planktonic growth in arginine are shown in Table 1. In accor-
dance with previous work (Barcelona-Andrés et al. 2002), expres-
sion of arcA and arcB increased during growth with arginine (Table
S1). The first group of highly downregulated genes, spanning
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Figure 3. Differential gene expression in OG1RF after growth in arginine. Venn diagrams show (A) downregulated and (B) upregulated genes after
planktonic or biofilm growth with or without arginine. (C) Volcano plot highlighting genes differentially expressed during planktonic growth in arginine
relative to untreated controls. g-values of O were set to the lowest g-value obtained (E-306) prior to calculating log;, for visualization purposes.

Table 1. Genes over- and underexpressed in OG1RF after planktonic growth in arginine.

Underexpressed in arginine

Locus tag Gene product Log2FC
Intergenic_988 Between OG1RF_10936 (celA4) and OG1RF_10937 (celB2) -6.99
OG1RF_10936 (celA4) PTS system transporter subunit I —6.89
OG1RF_11942 Ferredoxin-NADP(+) reductase subunit alpha -6.70
OG1RF_10939 Hypothetical protein —6.64
OG1RF_10937 (celB2) PTS family oligomeric beta-glucoside porter component IIC -6.36
Intergenic_1674 Between OG1RF_11619 and OG1RF_11620 —6.25
Intergenic_987 In between OG1RF_10935 (ansB) and OG1RF_10936 (celA4) -6.07
OG1RF_10938 Hypothetical protein —5.93
OG1RF_11941 (gltA) Glutamate synthase —5.82
Intergenic_989 Between OG1RF_10937 (celB2) and OG1RF_10938 —5.81
Overexpressed in arginine

Locus tag Gene product Log2FC
Intergenic_446 Between OG1RF_10416 and OG1RF_10417 (pbp2A) 5.52
Intergenic_1362 Between OG1RF_11307 and OG1RF_11308 5.54
OG1RF_10759 Hypothetical protein 5.66
OG1RF_11308 N-acetyltransferase 5.83
OG1RF_12331 Lipase 6.25
OG1RF_11689 Hypothetical protein 6.36
OG1RF_10757 (ppdK) Pyruvate phosphate dikinase 6.64
Intergenic_1750 Between OG1RF_nc10028 (glmS, glucosamine-6-phosphate activated 6.93

ribozyme) and OG1RF_11693

OG1RF_10535 Hypothetical protein 8.30
OG1RF_10328 Peptidoglycan-binding protein 8.54

The 10 most highly over- and underrepresented transcripts (statistically significant with q < 0.05) are shown. Log2FC (log2 fold change) values were calculated

based on growth in arginine compared to untreated conditions.

OG1RF_10935-10939, is within the recently named enteroccocal
glycosylasparaginase locus (ega) (Combret et al. 2023). These
encode an N4-(8-N-acetylglucosaminyl)-l-asparaginase (EgaG,
OG1RF_10935), the EIIB and EIIC subunits of a lactose/cellobiose
phosphotransferase system, and a pseudogene that encodes a pu-
tative oxidoreductase in other strains (Wagner et al. 1999, Com-
bret et al. 2023). OGIRF_10933 and OG1RF_10934, which encode
a GntR transcriptional regulator and a dipeptidase and are con-
trolled by a different promoter than OG1RF_10935-10939 (Com-
bret et al. 2023), were also downregulated, albeit to a lesser ex-
tent. The second set of highly downregulated genes includes
OG1RF_11941 (encoding glutamate synthase) and OGI1RF_11942
(encoding a ferredoxin-NADP+ reductase subunit), which are in
an operon (OG1RF_11941-11962) that is involved in selenium and
molybdenum metabolism (Zhang et al. 2008) (Table S1). These

genes are not commonly found outside of E. faecalis and have
been implicated in redox control (Gilmore et al. 2020). These gene
groups suggest that E. faecalis may downregulate metabolic path-
ways involved in utilizing other nutrients such as sugars or amino
acids during growth in arginine.

Unlike the downregulated genes, the genes most highly ex-
pressed during growth in arginine were not in operons or clus-
ters in the genome (Table 1). The most overexpressed gene,
OG1RF_10328, encodes a putative peptidoglycan-binding pro-
tein. OG1RF_10328 has predicted LysM and DUF4106 domains
and is annotated as a peptidoglycan-binding protein (GenBank
AEA93015.1). Bacterial LysM-domain proteins, such as a major E.
faecalis autolysin involved in cell division (AtlA), typically bind N-
acetylglucosamine in peptidoglycan (Béliveau et al. 1991, Eckert
et al. 2006, Buist et al. 2008). OG1RF_10328 was also upregulated
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in strain V583 (locus tag EF0443) after treatment with antibiotics
targeting the cell envelope (Abranches et al. 2014, Darnell et al.
2019) and is part of the CroRS regulon, which responds to cell wall
stress (Kellogg and Kristich 2016, Muller et al. 2018). In addition
to OG1RF_10328, OG1RF_10535 and OG1RF_12331 were upregu-
lated after exposure to antibiotics that target the cell envelope
(Abranches et al. 2014) and in arginine-grown cells. OGIRF_10759
(EF1026) has similarity to a gene product involved in carbon
catabolite repression in Bacillus (Opsata et al. 2010). Additional
genes upregulated during growth in arginine include many in-
volved in virulence and biofilm formation, including the ente-
rococcal polysaccharide biosynthesis operon (epa, OG1RF_11706-
11738) and ebpABC (OG1RF_10869-10871), which encode the Ebp
pili subunits. Curiously, the quorum sensing gene fsrA was up-
regulated, but the Fsr-regulated proteinases GelE and SprE were
downregulated. This suggests there may be decoupling of quo-
rum sensing and GelE/SprE expression during growth in arginine.
To validate these findings, we used an agar plate-based assay
to evaluate gelatinase production of OG1RF grown on CBM agar
or CBM supplemented with 25 mM arginine or 25 mM glucose.
Colonies grown on plates supplemented with arginine produced
gelatinase zones with smaller diameters than cells grown on un-
supplemented plates or plates with glucose (Fig. S3). This reduced
GelE activity supports the changes in gelE gene expression ob-
served using RNAseq.

Comparison of E. faecalis growth in arginine and
alkaline stress

Ammonia generation as a byproduct of the ADI pathway during
growth in arginine could put cells under alkaline stress, and pre-
vious work found that growth of E. faecalis at pH 10 resulted in
biofilms with less surface coverage relative to unadjusted medium
(Barcelona-Andrés et al. 2002, Ran et al. 2015). We measured the
pH of our E. faecalis cultures grown in untreated CBM or medium
supplemented with arginine, glycine, and glucose. The pH of cul-
tures grown in 25 or 50 mM arginine increased from pH 7 to ap-
proximately pH 8 after 6 h and pH 9 after 24 h (Fig. S4). Although
E. faecalis is highly tolerant to pH stress (Gaca and Lemos 2019),
we were curious whether any differential gene expression in our
RNAseq could be attributed to increased pH. To determine this,
we compared our data to previously published studies on gene
expression and adaptation to growth at high pH. First, we exam-
ined a study of the transcriptional response of E. faecalis ATCC
33186 to growth at pH 10 (Ran et al. 2015). Of the 613 genes dif-
ferentially expressed at pH 10, we identified 253 as also differen-
tially regulated in our arginine RNAseq (Table S2). However, only
33 genes had the same pattern of gene expression (up or down-
regulated in both studies). The 17 commonly upregulated genes
included 7 encoding hypothetical proteins and 4 encoding ribo-
somal proteins. The 16 commonly downregulated genes included
those involved in pyrimidine metabolism (OG1RF_11425-11429)
and a putative iron-siderophore ABC transporter (OG1RF_12351-
12354). Next, we compared our results to studies showing that
growth at high pH increased expression of 37 E. faecalis proteins,
including the heat-shock proteins DnaK and GroEL, and genes,
including ace, fsrB, and gelE (Flahaut et al. 1997, Ran et al. 2013).
In our work, expression of the heat-shock operon (OG1RF_11076-
11080, hrcA-dnaj), ace (OG1RF_10878), and fsrB (OG1RF_11528) was
not significantly changed after growth in arginine, and expression
of gelE (OG1RF_11526) was lower (Table S1). Finally, we compared
our arginine RNAseq to a study that identified mutations in base-
adapted E. faecalis OG1RF (Fitzgerald et al. 2023). We found lit-
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tle correlation between these mutations and the gene expression
pattern in RNAseq. Multiple high pH-evolved clones had muta-
tions in genes encoding the Opp peptide transport system, the Pst
phosphate transport system, OGIRF_11160 (encoding a putative
thioesterase), and CcpA (Fitzgerald et al. 2023). In our work, op-
pABCDF and OG1RF_11160 were upregulated, ccpA was downreg-
ulated, and there was no change in expression of the pst operon.
Together, this suggests that some changes in gene expression after
growth in arginine may be due to alkaline stress, but the major-
ity of changes we measured using RNAseq did not correlate with
known patterns of gene or protein expression in high pH. As such,
these changes in gene expression may be specifically linked to
arginine catabolism and not simply a change in culture pH.

Arginine affects antibiotic susceptibility and cell
envelope permeability of E. faecalis

In S. pyogenes, the ADI pathway affects biofilm-associated antibi-
otic resistance (Freiberg et al. 2020). Therefore, we searched our
RNAseq data to see whether any differentially expressed genes
were linked to antibiotic resistance in E. faecalis. The liaFSR genes
associated with daptomycin resistance (Arias et al. 2011, Reyes
et al. 2015) were significantly downregulated after growth in argi-
nine, but many genes involved in resistance to antibiotics that tar-
get the cell envelope, such as those encoding penicillin-binding
proteins, were upregulated (Table 2). Expression of croRS, which
mediates cephalosporin resistance (Comenge et al. 2003, Kellogg
and Kristich 2016), was moderately upregulated, but expression of
ireK was not significantly changed.

Based on this, we hypothesized that antibiotic susceptibility
would be altered in arginine-grown E. faecalis relative to cells
grown in untreated medium and tested this using disc diffusion
assays (Fig. 4A). OG1RF was grown on agar plates supplemented
with arginine or glucose in the presence of a panel of antibiotics
(ampicillin, cephalothin, ceftriaxone, gentamicin, linezolid, peni-
cillin, minocycline, and vancomycin). Relative to growth on glu-
cose or untreated CBM, we observed smaller zones of clearance
(indicating less susceptibility) for ampicillin and ceftriaxone, al-
though only the difference in ampicillin was statistically signifi-
cant (Fig. 4B). This is consistent with the increased expression of
croRS in the RNAseq, as deletion of croRS in the strain JH2-2 led to
greater susceptibility to ampicillin and ceftriaxone (Comenge et
al. 2003). No arginine-dependent change in ampicillin susceptibil-
ity was observed with the arcABCD Tn mutants (Fig. SSA), suggest-
ing the increased tolerance observed for OG1RF is due to arginine
metabolism. We did not detect a change in OG1RF susceptibility
to minocycline and linezolid, which target the ribosome. These
results suggest that susceptibility to antibiotics targeting the cell
envelope may be altered in arginine-rich environments such as
the oral cavity or GTL

Given the changes in gene expression and antibiotic suscepti-
bility after growth in arginine, we next asked whether integrity
of the cell envelope was impacted in arginine-grown cells. To
test this, we carried out a cell envelope permeability assay in
which the cell-impermeable LacZ substrate CPRG is added to cul-
tures of cells constitutively expressing lacZ from a plasmid. Cleav-
age of CPRG, which produces a color change and can be mea-
sured by absorbance at 570 nm, can occur when the cell enve-
lope is compromised (Paradis-Bleau et al. 2014, Djori¢ and Kris-
tich 2015). We grew OGI1RF constitutively expressing lacZ from
plasmid pCJK205 (Djori¢ and Kristich 2015) in arginine, glycine,
glucose, or untreated medium and quantified CPRG cleavage
after 24 h growth (Fig. 4C). In 50 mM arginine, there was a
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Table 2. Antibiotic resistance genes are differentially expressed in E. faecalis OG1RF after growth in arginine.

Locus tag (gene name) Log2FC Associated antibiotic
OG1RF_10417 (pbp2A) 3.91
OGIRF_10724 (pbpC) 3.83
OG1RF_10925 (pbplA) 3.21 B-Lactams, cephalosporins (Arbeloa et al. 2004, Kristich et
OG1RF_11450 (pbp1B) 2.39 al. 2014)
OG1RF_11907 (pbp4(5)) 1.28
OG1RF_12158 (penA/pbpA (2B)) 1.98
OG1RF_12165 3.79 Streptomyecin (Clark et al. 1999)
OG1RF_12193 1.33 Methicillin (Rigottier-Gois et al. 2011)
OG1RF_12211 (liaR) —1.89
OG1RF_12212 (liaS) —1.47 Daptomycin (Arias et al. 2011, Reyes et al. 2015)
OG1RF_12213 (liaF) —1.87
OG1RF_12535 (croR) o4 Cephalosporins (Comenge et al. 2003)

i .
OG1RF_12536 (croS) 148 phalosp g

For genes where log2FC values are shown, q < 0.05.

significant increase in CPRG cleavage relative to the untreated
control. There was no statistically significant change with cultures
grown in glycine or glucose. No increase in CPRG cleavage was de-
tected for the arcD:: Tn mutant carrying pCJK205 when grown in
arginine (Fig. S5B). Together, these data demonstrate that growth
in arginine changes antibiotic susceptibility and cell envelope per-
meability of E. faecalis and that these phenotypes are dependent
on arginine metabolism.

Discussion

Arginine metabolism by E. faecalis affects polymicrobial interac-
tions and promotes virulence of other pathogens (Keogh et al.
2016, Smith et al. 2022). Our work demonstrates that arginine also
induces widespread changes in gene expression, biofilm forma-
tion, and antibiotic tolerance in E. faecalis (summarized in Fig. 5)
and that some of these changes are species-specific based on what
has been reported for other organisms. We propose that these ef-
fects on E. faecalis could happen in the context of polymicrobial
environments and that this could impact stability and survival
of these communities as a whole. Arginine concentrations vary
across body sites in animals and humans. Plasma concentration
in healthy adults is ~100 uM (Zhang et al. 2016). In separate stud-
les, arginine concentration ranged from 30 to 50 pM in the murine
colon and small intestine (Hou et al. 2020, Menezes-Garcia et al.
2020), although this can increase with arginine-rich diets or sup-
plementation (Grimble 2007, Hou et al. 2020). However, arginine
levels can be higher in the oral cavity, as arginine-supplemented
dentistry products contain between 1.5% and 8% (86-459 mM)
arginine, and dietary intake can be tens of grams per day (Grimble
2007, Nascimento 2018). As such, it is of interest to determine how
E. faecalis arginine metabolism affects microbial community com-
position and survival in multiple niches, as these dynamics may
change based on local arginine concentration or arginine flux.
Similar to other Gram-positive bacteria, E. faecalis biofilm pro-
duction decreased in the presence of arginine, which could have
implications for how E. faecalis forms biofilms in arginine-rich
environments. However, pre-formed E. faecalis biofilms were not
disrupted by the same concentrations of arginine that reduced
biofilm growth. High concentrations of arginine (250-500 mM)
that were previously shown to destabilize S. mutans biofilms
(Zheng et al. 2017) did not disrupt pre-grown E. faecalis biofilms

in our work as measured by safranin staining. Previous work with
S. gordonii also showed that treatment with exogenous arginine,
but not glycine, weakened biofilms and led to increased removal
by shear stress (Gloag et al. 2021). Although that work used higher
concentrations (4% arginine and 0.23 M glycine) than our studies,
we did not observe significant changes in aggregation or biofilm
formation in the presence of glycine when used at the same con-
centration as arginine. Based on these differences in biofilm dis-
ruption across species, it is interesting to speculate that arginine
could potentially promote selective removal or destabilization of
non-E. faecalis bacteria in biofilms.

An additional outstanding question is the mechanism by which
growth in arginine leads to changes in biofilm morphology. Strep-
tococcus mutans biofilms grown with 1.5% arginine had reduced
levels of exopolysaccharides and multi-cellular clusters or micro-
colonies (He et al. 2016). Conversely, we observed an increase in E.
faecalis aggregation during planktonic and biofilm growth in argi-
nine, although morphology changes are also evident in glucose-
grown biofilms compared to untreated media. In our RNAseq, we
found increased expression of genes in the Epa operon, which
encodes for biosynthesis of the cell wall-associated enterococcal
polysaccharide antigen (Teng et al. 2009, Guerardel et al. 2020).
Epa modifications can alter E. faecalis biofilm morphology, leading
to an increase in multi-cellular clusters or microcolonies instead
of the flat monolayer biofilms typically formed in vitro by E. faecalis
OGI1RF (Dale et al. 2017, Korir et al. 2019). However, more work is
needed to understand what specifically drives arginine-induced
biofilm morphology rearrangement, how this varies in different
bacterial species, and how that might translate to biofilm remod-
eling in vivo.

Growth in arginine also allowed us to observe effects on
aggregates formed in liquid cultures separately from surface-
associated biofilms. Distinct liquid aggregate and biofilm pop-
ulations have been observed for E. faecalis and other bacteria
grown in synovial fluid or serum (Sauer et al. 2022, Haeberle et
al. 2024). Bacterial biofilms are often studied as surface-attached
entities, but a revised model of biofilm development that incor-
porates aggregates in suspension has been proposed (Rumbaugh
and Sauer 2020, Sauer et al. 2022). Such unattached aggregates
are relevant in the environment and in vivo, and these clusters of
cells are often recalcitrant to antibiotic killing like their surface-
attached counterparts (Bjarnsholt et al. 2013, Sauer et al. 2022).
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Figure 4. Growth with arginine affects cell envelope permeability and antibiotic resistance in E. faecalis. (A) Heatmap of zones of inhibition (measured
in mm) of antibiotic disc diffusion assay. Cells were grown on CBM agar plates supplemented with arginine or glucose (25 mM). Discs measured 9 mm
in diameter. Data represent the average of three independent biological replicates. (B) Individual values of disc diffusion zones for ceftriaxone and
ampicillin. (C) Measurement of signal from cleavage of CPRG (A570) relative to growth (A630). For panels (B) and (C), each data point represents an
independent biological replicate. Statistical significance was determined using one-way ANOVA with Dunnett’s test for multiple comparisons. **P < .01.
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Figure 5. Model summarizing the response of E. faecalis to arginine. In the absence of arginine (or the presence of low arginine), E. faecalis forms robust
surface-attached biofilms and does not form aggregates in liquid culture. Upon exposure to high concentrations of arginine (25 or 50 mM), global gene
expression and phenotype changes occur. This leads to increased aggregation of liquid cultures, increased tolerance to antibiotics, such as ampicillin,
and increased cell envelope permeability with a concomitant reduction in surface-associated biofilm formation and production of gelatinase. It is yet
unknown what drives biofilm remodeling or how these gene expression and phenotypic changes impact survival within a polymicrobial infection,
such as those where cross-feeding mediated by E. faecalis arginine metabolism promotes biofilm formation and virulence of other pathogens (Keogh et

al. 2016, Smith et al. 2022).

Aggregates may promote survival or lead to decreased fitness
depending on the environment in which they form. Some bac-
teria form unattached aggregates in wounds and the joint cav-
ity (Sauer et al. 2022), but these same clusters may be removed
from the host more than attached biofilms in sites with high fluid
flow or turnover. Therefore, E. faecalis aggregation may differen-
tially impact fitness depending on the niche in which these ag-
gregates form. We do not think the liquid-grown aggregates of
E. faecalis we observed came from shearing of attached biofilm
cells, given that E. faecalis OG1RF does not form robust biofilms
on the glass tubes used in these experiments. Based on the gene
expression changes detected using RNAseq, we speculate that lig-
uid aggregates formed during growth in arginine could be driven
by increased surface polysaccharide synthesis or by overproduc-
tion of surface adhesins. However, this needs to be rigorously
tested.

We also observed differences in gene expression of arginine-
grown E. faecalis compared to other oral bacteria. In S. mutans, ex-
pression of the dnaK stress response operon was upregulated after
growth in 1.5% arginine (Chakraborty and Burne 2017). However,
in our RNAseq, expression of the dnaJK stress response genes was
not significantly changed during growth in arginine. This could po-
tentially be relevant for oral health as arginine is used in dentistry
to control plaque and prevent caries (cavities) (Nascimento 2018).
E. faecalis is not considered part of the normal oral microbiome
but is a leading cause of infected root canals (Wang et al. 2012,
Pinto et al. 2023), so it is interesting to consider whether the rel-
ative abundance of E. faecalis in the oral cavity would be affected
by arginine treatment in healthy patients or those with active root
canal infections. Given that we measured a decrease in antibiotic
susceptibility of E. faecalis during growth in arginine, itis alsointer-
esting to consider how the use of arginine in the oral cavity could
affect virulence of E. faecalis. We observed arginine-related E. fae-
calis phenotypes at relatively low concentrations (25 and 50 mM)
compared to other studies examining the impact of arginine treat-
ment on the oral microbiome, co-culture biofilm structure and
composition, exopolysaccharide, and gene expression (He et al.
2016, Zheng et al. 2017). Therefore, it is possible that E. faecalis may
respond to arginine at sub-clinical levels relative to what is used
in dentistry applications. However, the broader impact of how this

affects E. faecalis biofilms and antibiotic resistance in the oral cav-
ity or other body sites is yet undetermined.

Arginine metabolism can confer benefits to bacteria during
adaptation to a mammalian niche. We found some overlap in
arginine-induced gene expression changes and other studies on
E. faecalis growth in alkaline stress (Flahaut et al. 1997, Ran et al.
2013, 2015), and previous work showed that alkaline-adapted E.
faecalis acquired cross-resistance to bile salts (Flahaut et al. 1997).
Therefore, arginine exposure in the oral cavity or GI tract (and
the resulting changes in pH and gene expression) could prime
E. faecalis for survival against bile salts and other stressors. ADI
pathway-derived ammonia was hypothesized to promote survival
of Staphylococcus epidermidis during biofilm growth, as expression
of the ADI pathway was upregulated in biofilms (Lindgren et al.
2014). Additionally, arginine metabolism through an ADI path-
way encoded on a mobile element in S. aureus USA300 was im-
portant for survival in skin-mimicking acidic conditions (Thur-
low et al. 2013). ADI pathways were identified in mammalian-
associated Saccharibacteria but not those isolated from environ-
mental habitats, and the presence of arginine maintained infec-
tivity of Nanosynbacter lyticus strain TM7x in conditions that mim-
icked the oral cavity (Tian et al. 2022). However, the presence of
arginine promoted cell membrane integrity in TM7x, whereas we
demonstrated here that growth in arginine disrupts cell envelope
integrity in E. faecalis. Together, this suggests that while the ADI
pathway may promote survival of diverse bacteria in vivo, the
mechanisms by which this occurs can differ across species.

The ADI pathway has previously been linked to antibiotic toler-
ance during oxidative stress and biofilm growth in E. faecalis and
other bacteria. Upregulation of the ADI operon was associated
with restored vancomyecin tolerance in E. faecalis mutants lack-
ing sodA (encoding superoxide dismutase), and disruption of the
ADI pathway in a sodA mutant background led to increased killing
by vancomycin relative to the sodA mutant alone (Ladjouzi et al.
2015). In S. pyogenes, the ADI pathway is important for biofilm-
associated antibiotic resistance in vitro and in an in vivo animal
model (Freiberg et al. 2020). Here, we found changes in the ex-
pression of multiple genes linked to E. faecalis antibiotic tolerance
and found that E. faecalis grown with arginine was less suscepti-
ble than control cells to ampicillin and ceftriaxone. Based on this,



it is interesting to speculate that arginine metabolism in various
body sites may contribute to tolerance of E. faecalis to antibiotics
and that this could contribute to persistence or overgrowth dur-
ing antibiotic treatment. Additionally, it is unknown how arginine
metabolism by E. faecalis might influence antibiotic susceptibil-
ity within a complex environment like a polymicrobial commu-
nity. Altered susceptibility could make E. faecalis clearance more
difficult in niches where arginine levels are elevated. This poten-
tially could contribute to E. faecalis overgrowth if some bacteria
in a polymicrobial environment are cleared by ampicillin or cef-
triaxone, but E. faecalis has increased tolerance due to arginine
metabolism. Because the arginine-dependent effect on tolerance
was not observed for all antibiotics, this is likely to be compound-
specific in practice. However, deeper insight into how E. faecalis
antibiotic susceptibility is affected by nutrients, whether this hap-
pens in a niche-specific manner, and how this in turn affects sur-
vival and clearance of polymicrobial infections could potentially
be leveraged to guide treatment choices or create novel therapeu-
tic practices.

Our work shows that E. faecalis growth and biofilm formation
are altered in the presence of arginine. Importantly, we also iden-
tified species-specific differences in expression of stress response
genes, biofilm destabilization, and biofilm architecture relative
to what was previously known about arginine-induced changes
in Gram-positive bacteria. Together, this work provides a better
understanding of how E. faecalis responds to growth in arginine
independent of cross-feeding that promotes virulence of other
pathogens and provides a platform from which the impact of
E. faecalis gene expression changes on polymicrobial interactions
and infections can be studied in addition to phenotypes mediated
by arginine metabolism through the ADI pathway.
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