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A B S T R A C T   

Pathogenic strains of bacteria are often highly adept at evading serum-induced cell death, which is an essential 
complement-mediated component of the innate immune response. This phenomenon, known as serum- 
resistance, is poorly understood, and as a result, no effective clinical tools are available to restore serum- 
sensitivity to pathogenic bacteria. Here, we provide evidence that exogenous glycine reverses defects in 
glycine, serine and threonine metabolism associated with serum resistance, restores susceptibility to serum- 
induced cell death, and alters redox balance and glutathione (GSH) metabolism. More specifically, in Vibrio 
alginolyticus and Escherichia coli, exogenous glycine promotes oxidation of GSH to GSH disulfide (GSSG), disrupts 
redox balance, increases oxidative stress and reduces membrane integrity, leading to increased binding of 
complement. Antioxidant or ROS scavenging agents abrogate this effect and agents that generate or potentiate 
oxidation stimulate serum-mediated cell death. Analysis of several clinical isolates of E. coli demonstrates that 
glutathione metabolism is repressed in serum-resistant bacteria. These data suggest a novel mechanism under
lying serum-resistance in pathogenic bacteria, characterized by an induced shift in the GSH/GSSG ratio 
impacting redox balance. The results could potentially lead to novel approaches to manage infections caused by 
serum-resistant bacteria both in aquaculture and human health.   

1. Introduction 

Innate immunity plays an essential role in the response to bacterial 
pathogens and other infectious agents. The complement system is a 
complex component of the innate immune response that involves at least 
30 proteins. Complement proteins recognize and coat the bacterial 
membrane, leading to phagocytosis, a proteolytic cascade, a potent in
flammatory response and subsequent lysis and destruction of the bac
terial pathogen. The complement system is evolutionarily-conserved 
from lower vertebrates through mammals [1–5]. 

Many pathogenic bacteria evade killing by complement system- 
mediated mechanisms, a phenomenon referred to as serum-resistance. 
Serum-resistant bacteria directly interact with and/or inhibit the 

activity of complement proteins, for example, by shielding with anti
body to lipopolysaccharide (LPS) to prevent attack by other antibodies 
[6–11]. LPS and capsular polysaccharide are critical for bacterial sur
vival in serum [12–16]. Bacteria also remodel the structure of the bac
terial outer membrane to reduce complement binding via the two 
component regulatory system Cpx and extra cytoplasmic function RNA 
polymerase sigma-E factor pathways [17]. Other mechanisms that 
maintain bacterial membrane integrity include the two component 
regulatory system Rcs, Tol-Pal system, phosphate transport, major outer 
membrane lipoprotein Lpp, outer membrane protein assembly complex 
(BamA-E), tail-specific protease, and membrane-bound inhibitor of 
C-type lysozyme [18,19]. Despite extensive research, the mechanisms 
underlying serum-resistance remain poorly understood. Because 
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serum-resistant bacterial pathogens are also frequently resistant to an
tibiotics [20], novel and effective approaches to treat and prevent in
fections with serum-resistant pathogens are urgently needed. 

Recently, we proposed that the bacterial metabolic state plays an 
important role in serum resistance [21,22]. More specifically, evidence 
suggests that glycine, serine and threonine metabolism is downregulated 
in serum-resistant bacteria, and that exposure to exogenous glycine, 
serine or threonine restores susceptibility to serum-induced cell death by 
a mechanism involving reduced synthesis of ATP, inhibition of the 
cAMP/CRP complex and increased expression of complement-binding 
proteins [22]. 

Here, we investigate the mechanism by which glycine reverses 
serum-resistance in Vibrio alginolyticus and clinical isolates of Escherichia 
coli. The results suggest that exogenous glycine may alter the bacterial 
redox balance, stimulates oxidation of glutathione and increases 
oxidative stress. 

2. Results 

2.1. Glycine potentiates serum-induced killing of Vibrio alginolyticus 

Exogenous glycine restores the ability of serum to kill pathogenic 
V. alginolyticus in a serum- and glycine-dose dependent manner. To 
demonstrate this, cultures of V. alginolyticus 12G01 were incubated with 
a variable amount of serum (0 μL, 20 μL, 40 μL, 60 μL, 80 μL, or 100 μL) 
in the presence or absence of 100 mM glycine, or in the presence of 100 
μL serum and 5–100 mM glycine. The number of viable cells was 
quantified over time and the results are shown in Fig. 1A. In the presence 
of 100 μL serum, cell viability was 35.5-fold lower with 100 mM glycine 
than without glycine (Fig. 1A). Similarly, cell survival decreased with 
increasing concentrations of glycine. Control experiments show that 
100 mM glycine alone does not inhibit bacterial growth (Fig. 1B). In the 
presence of serum and glycine, cell viability decreased with increasing 
time of incubation (Fig. 1C). 

2.2. Glycine reprograms the metabolome of V. alginolyticus 

Our previous study indicated that glycine-induced depletion of ATP 
lowers bacterial viability in the presence of serum and plays a role in 
reverting the phenotype of serum-resistance [22]. Here, we explore 
other possible mechanisms, by performing reprogramming metabolomic 
analysis of V. alginolyticus in the presence of glycine, serum or glycine 
plus serum. After 2 h incubation, cell extracts were prepared and 
analyzed by GC-MS, with five independent biological replicates for each 
experimental group and two technical replicates for each biological 
replicate (N = 40 data points). Pearson correlation coefficient for this 
data set was 0.992, suggesting a high degree of reproducibility (Fig. S1A, 
Supporting Information). The data were corrected by removing the in
ternal standard, known solvents, and duplicate signals from the same 

metabolite were merged. As shown in Fig. 2A, a total of 74 metabolites 
were identified. They were 22% carbohydrate, 36% amino acid, 22% 
lipid, 16% nucleotide and 4% uncategorized molecules (Fig. S1B, Sup
porting Information). Statistical differences were identified by 
Mann-Whitney U test with adjustment for a presumed false discovery 
rate between experimental groups and control [23]. Relative to the 
control, the abundance of 50, 52 and 46 metabolites were changed in the 
presence of glycine, serum or glycine plus serum, respectively (Fig. S2A, 
Supporting Information). Z-scores with variance were in the range 
− 12.95 to 14.62, − 10.03 to 39.79, − 10.80 to 18.13 for the glycine, 
serum and glycine plus serum groups, respectively (Fig. S2B, Supporting 
Information). The abundance of 18 metabolites increased and 32 me
tabolites decreased in the presence of glycine, 12 metabolites increased 
and 40 metabolites decreased in the presence of serum, and 26 metab
olites increased and 20 metabolites decreased in the presence of glycine 
and serum (Fig. S2B, Supporting Information). The abundance of 28 
metabolites was changed in all three experimental groups (Fig. 2B). 

Metabolic pathways were identified using Metaboanalyst 5.0 [24]. 
This analysis identified 15 pathways (Fig. 2C), including glycine, serine 
and threonine metabolism, tricarboxylic acid cycle (TCA cycle) [22], 
glutathione (GSH) metabolism and sulfur metabolism (Fig. 2C). The 
abundance of metabolites involved in GSH metabolism and sulfur 
metabolism was higher in the presence of glycine or serum plus glycine 
than in the presence of serum (Fig. 2D). We note that GSH metabolism 
and sulfur metabolism are intertwined with glycine, serine and threo
nine metabolism, suggesting that exogenous glycine may fuel the two 
metabolic pathways and play roles in 
serum-resistance/serum-susceptibility. 

Furthermore, an orthogonal partial least-squares discriminate anal
ysis (OPLS-DA) was applied to identify biomarkers. The results show 
four groups clearly separate from each other (Fig. 2E). S-plot showed the 
covariance and correlation between the metabolites and the modeled 
class designation [25], allowing 26 biomarkers to be identified including 
L-cysteine (Figs. S3 and S4, Supporting Information). L-cysteine is a 
crucial metabolite in GSH metabolism and sulfur metabolism, whose 
abundance is higher in the presence of glycine or glycine plus serum and 
lower in the presence of serum than control (Fig. 2F). Therefore, we 
explored possible roles for L-cysteine, GSH and sulfur metabolism in 
glycine-stimulated serum-mediated killing of V. alginolyticus. 

2.3. GSH biosynthetic pathway is critical for serum-induced cell death in 
the presence of glycine 

To confirm the hypothesis that exogenous glycine promotes GSH 
metabolism and sulfur metabolism, transcriptomic studies were per
formed to quantify expression of these pathways. As shown in Fig. 3A, 
glycine can be directly metabolized to GSH via GSH synthetase, encoded 
by gshB. Alternatively, it can be metabolized sequentially to serine, O- 
acetyl-L-serine, cysteine and GSH, catalyzed sequentially by glyA, cysE, 

Fig. 1. Glycine increased serum-induced killing of V. alginolyticus. A. Percent survival of V. alginolyticus 12G01 incubated with 100 mM glycine plus serum 
(0–100 μL) or without glycine B. Synergetic effects of 100 μL serum and glycine on viability of V. alginolyticus 12G01 were measured in a glycine dose-dependent 
manner (0–100 mM). C. Percent survival of V. alginolyticus 12G01 in the presence of 100 mM glycine or/and 100 μL serum for the indicated length of time. Results are 
displayed as mean ± standard errors of the means (SEM) (N = 3 technical replicates per sample), and statistically significant differences are identified. *, p < 0.05, 
**, p < 0.01. Each experiment was repeated independently at least three times. 
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cysK and gshA. Expression of gshB increased in the presence of glycine 
and glycine plus serum but did not increase in the presence of serum 
alone (Fig. 3B). More importantly, expression of glyA, cysE and cysK was 
specifically repressed by serum, and induced by glycine or glycine plus 
serum (Fig. 3B). These data indicate that glycine and glycine plus serum 
fuel GSH metabolism and enhance production of GSH, while serum has 
the opposite effect on expression of these genes. Glycine plus serum 
promoted higher expression of pepA/B/D/N in the metabolic pathway 
from GSH to glycine via L-cysteinylglycine than serum or glycine alone 
(Fig. 3B). 

The above results suggest that glycine-stimulated GSH might play a 
role in serum-induced killing of bacteria. This hypothesis was tested by 
treating serum-resistant bacteria with L-cysteine. The results show 3.9- 
or 22.9-fold higher levels of serum-induced cell death when 
V. alginolyticus was incubated in the presence of serine or L-cysteine, 
respectively (Fig. 3C, D), consistent with previous observations in E. coli 
[22] (Fig. S5, Supporting Information). O-acetylserine and 

γ-glutamylcysteine, two 
additional intermediates in GSH synthesis also increased serum- 

induced cell death (Fig. 3E, F). This effect was partially blocked by L- 
buthinine-sulfoximine (an inhibitor of GshB) or APR-246 (a small 
molecule of reducing GSH content) (Fig. 3G). In addition, expression of 
γ-glutamyltranspeptidase (GGT), encoded by N646_2106 and 
N646_2574, was increased by glycine plus serum (Fig. 3B). Furthermore, 
V. alginolyticus was treated with the GGT specific inhibitor, GGsTop, or 
deferoxamine, an iron chelating agent that sequesters iron required for 
GGT activity. Both compounds partially decreased glycine-potentiated 
serum killing but were less potent than L-buthinine-sulfoximine or 
APR-246. (Fig. S6, Supporting Information). Together, these results 
suggest that GSH metabolism plays major role in glycine-potentiated 
serum-induced killing. 

Fig. 2. Metabolomic profiling of V. alginolyticus in 
the presence of glycine, serum or serum plus 
glycine (serum þ gly). A. Heat map of metabolites. 
Yellow and blue color indicate increase and decrease 
of metabolites relative to the median metabolite 
level, respectively (see color scale). B. Venn diagram 
comparing metabolites enriched in each experimental 
group: glycine (gray), serum (red) and serum + gly 
(blue). C. D. Enriched pathways and abundance of 
differential metabolites. E. PCA analysis of control, 
glycine, serum, and serum + gly group. F. Normal
ized abundance of L-cysteine. Results are displayed as 
mean ± SEM, and significant differences are identi
fied. **p < 0.01. (For interpretation of the references 
to color in this figure legend, the reader is referred to 
the Web version of this article.)   
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Fig. 3. Glycine regulates GSH and sulfur metabolism. A. Metabolic pathways for glycine, serine, threonine, sulfur and GSH. Red indicates metabolites increased 
by glycine. B. Quantitative reverse transcription-PCR (qRT-PCR) of genes in GSH and sulfur metabolism. C–F. Percent survival of V. alginolyticus 12G01 in the 
presence of the indicated concentration of L-cysteine (12.5 mM) (C), serine (100 mM) (D), γ-Glu-Cys (250 μM) (E) and O-Acetylserine (50 mM) (F) plus100 μL serum. 
G. Percent survival of V. alginolyticus 12G01 in the presence of 100 mM glycine with 100 μL serum in the presence of L-buthionine-sulfoximine (50 mM) or APR-246 
(1 mM). GS: GSH synthetase; GGT: gamma-glutamyltranspeptidase; Aps: aminopeptidase; SHMT: serine hydroxymethyl transferase; SAT: serine acetyltransferase; CS: 
cysteine synthase; GCL: glutamate cysteine ligase. Results are displayed as mean ± standard errors of the means (SEM) (N ≥ 3 technical replicates per sample), and 
statistically significant differences are identified. *, p < 0.05, **, p < 0.01. Each experiment was repeated independently at least three times. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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2.4. Shift in GSH/GSSG ratio is critical for serum-mediated killing by 
glycine 

The impact of glycine on GSH metabolism was investigated by 
quantifying intracellular GSH in the presence of glycine, serum, or 
glycine plus serum. Total GSH and reduced GSH were quantified directly 
and the abundance of GSH disulfide (GSSG) was calculated. For 
example, in the control sample, the concentration of total GSH was 
11.2193 nmol/mg protein (6.8122 μM GSH in 0.6071 mg/mL total 
protein), reduced GSH was 11.0100 nmol/mg protein, so GSSG was 
calculated to be 0.1046 nmol/mg (see details in Experimental Section). 
Data were normalized to a control sample, with no additions to culture 
media. The results indicate that both GSH and total GSH increased 1.2- 
fold in the presence of glycine and 1.3-fold in the presence of serum 
(Fig. 4A, Fig. S7, Supporting Information). Surprisingly, GSH was 1.6- 
fold lower but total GSH 1.6-fold higher in the presence of glycine 
plus serum (Fig. 4A, Fig. S7, Supporting Information). Because tran
scription of the genes involved in GSH metabolism remained high, and 
GSH functions as a major low molecular weight thiol, which maintains 
the cellular redox state [26], the data suggest increased oxidization of 
GSH to GSSG. Therefore, GSSG and the GSH/GSSG ratio were quantified 
in each sample. The content of GSSG was similar in the presence of 
glycine or serum but increased 54.4-fold in the presence of serum and 
glycine (Fig. 4B). The GSH/GSSG ratio was approximately 105.2:1 in the 
control (Fig. 4C), which is consistent with previous reports (e.g., 100:1 
for most cells [27]). Addition of glycine or serum decreased the ratio 

14.7% or 22.4%, respectively, while glycine plus serum reduced the 
ratio to 98.9% of control, indicating decreased redox potential accom
panied by increased oxidative stress (Fig. 4C). This data was further 
demonstrated by glycine dose-dependent experiment. Addition of 
glycine slightly increased both GSH and total GSH to a similar level in 
the absence of serum, thereby slightly decreasing GSH/GSSG (Fig. S8, 
Supporting Information). However, when serum was added, total GSH 
increased and GSH decreased, thereby reducing the GSH/GSSG ratio in a 
glycine dose-dependent manner (Fig. 4D, E). These results suggest that 
glycine and serum synergistically promote oxidation of GSH to GSSG. In 
addition, the peroxiredoxins and thioredoxin/thioredoxin reductase 
systems are ubiquitous redox systems. Activities of peroxiredoxin and 
thioredoxin are stimulated by factors in serum, but not by glycine 
(Fig. S9, Supporting Information). Moreover, NADP+, NADPH, and their 
ratio were investigated, which are coupled to the GSH/GSSG system 
(Fig. 3A) [28]. NADP+ and NADPH content were barely changed by 
glycine, while total NADP(H) was increased in glycine, serum, and 
glycine plus serum groups. The increased fold was ranked by glycine <
serum < glycine plus serum, (Fig. 4F, G; Fig. S10, Supporting Informa
tion). The NADPH/NADP+ ratio increased in glycine plus serum but did 
not in the presence of glycine or serum alone (Fig. 4H). Thus, GSSG and 
NADPH accumulate in cells treated with glycine plus serum. These re
sults suggest that glycine plus serum drives oxidation of GSH primarily 
through the GSH metabolic pathway. 

To analyze this further, the transcription of gpx encoding GSH 
peroxidase (Gpx) and gor encoding GSH reductase (GR) was quantified. 

Fig. 4. Impact of glycine and serum on redox balance in V. alginolyticus. A.B.C. Quantification of reduced GSH (A), GSSG (B) and the ratio of GSH to GSSG(C) in 
control, glycine, serum and serum plus glycine group. D.E. GSH, total GSH and GSH/GSSG (E) were measured with 100 μL serum in the presence of 0–100 mM 
glycine. F–H. Quantification of NADP+(F), NADPH(G) and NADPH/NADP+ (H) in control, glycine, serum and serum plus glycine group. I. Quantification of gene 
expression. J.K. The specific activity of Gpx (J) and GR (K) in control, glycine, serum and serum plus glycine groups. L. Percent survival of V. alginolyticus 12G01 in 
the presence of indicated concentration of GSH or GSSG. Serum volume was 100 μL and the concentration of glycine was 100 mM unless otherwise indicated. Results 
are displayed as mean ± standard errors of the means (SEM) (N ≥ 3 technical replicates per sample), and statistically significant differences are identified. *, p <
0.05, **, p < 0.01. Each experiment was repeated independently at least three times. 
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Interestingly, the expression of the gene products, gpx, that catalyze 
oxidation of GSH were slightly increased in the presence of glycine or 
serum, and significantly increased in the presence of glycine plus serum 
(Fig. 4I). However, the expression of gor was unchanged in the presence 
of glycine, increased by serum but decreased in the presence of glycine 
plus serum (Fig. 4I). Consistent with this, the specific enzyme activity of 
Gpx was higher in cells treated with glycine or serum, and still higher in 
cells treated with serum plus glycine (Fig. 4J). Specific activity of GR 
was unchanged or slightly increased in cells treated with glycine or 
serum, respectively, but lower in cells treated with serum plus glycine 
(Fig. 4K). 

Accumulation of GSSG can be toxic [29], because it tends to form 
mixed disulfides with and inactivate certain enzymes [30]. To confirm 
this interpretation of the data, bacteria were pretreated with GSH or 
GSSG for 10 min before being exposed to serum. When serum was 
added, GSH pre-treatment improved survival 1.6-fold, whereas GSSG 
pre-treatment decreased survival 2.7-fold (Fig. 4L). Therefore, the re
sults indicate that glycine and serum act together to increase oxidation 
of GSH to GSSG, which is toxic to the treated bacteria. 

2.5. Glycine disrupts redox state to stimulate serum-induced killing 

The involvement of redox system implied that oxidative stress may 
be required for the killing of bacteria by serum. Therefore, 
V. alginolyticus were incubated with different amounts (50 μL, 100 μL, 
150 μL, 200 μL and 250 μL) of serum, which reduced the viability of 
bacteria in a dose-dependent manner (Fig. 5A). Intracellular redox status 
was monitored with dichlorodihydrofluorescein diacetate (H2DCFDA), a 
non-specific redox indicator, which does not precisely indicate the 
intracellular concentration of hydrogen peroxide (H2O2) or other oxi
dants [31]. In contrast to bacterial survival, fluorescence intensity 
increased in a serum dose-dependent manner (Fig. 5A), suggesting that 
cell viability and oxidative stress are negatively-correlated. To test the 
role of oxidative stress, cells were treated as above with addition of 
α-tocopherol, thiourea or ferric ion (Fe3+). Thiourea was used to scav
enge superoxide anions and hydroxyl radicals to enhance oxidative 
stress tolerance [32,33] in response to antibiotic-induced ROS in 

bacteria [30,33]. Fe3+ is imported into cells by the transferrin receptor 
and subsequently converted to Fe2+. Higher levels of Fe2+ generate ROS 
through the Fenton reaction [31]. α-tocopherol is one of the most potent 
endogenous antioxidants in vivo [32,33]. As shown in Fig. 5B, neither 
glycine, α-tocopherol, thiourea nor Fe3+ changed cell viability in the 
absence of serum. In contrast, in the presence of serum, α-tocopherol 
increased the survival by 15.6%, thiourea increased cell survival by 
24.8% and Fe3+ decreased survival by 32.4% (Fig. 5B). In the presence 
of glycine plus serum, α-tocopherol increased viability 5.2-fold, thiourea 
increased viability 6.1-fold and Fe3+ decreased viability 1.5-fold 
(Fig. 5B). Consistent with these results, oxidative stress increased in 
cells treated with serum or glycine plus serum but was reduced by 
α-tocopherol (42.7% in presence of serum and 27.4% in presence of 
glycine plus serum) or thiourea (54.0% in presence of serum and 38% in 
presence of glycine plus serum), but was increased by Fe3+ (37.3% in the 
presence of serum and 5.7% in the presence of glycine plus serum) 
(Fig. 5C). Accordingly, α-tocopherol or thiourea decreased GSH and 
total GSH in the presence of serum but increased GSH and decreased 
GSSG in the presence of glycine and serum, thereby increasing the 
GSH/GSSG ratio (Fig. 5D–F and Fig. S11, Supporting Information). 
However, Fe3+ had little effect. Serum complement kills bacteria 
through the activity of the membrane attack complex (MAC). Increased 
oxidative stress was associated with increased deposition of MAC com
ponents C3b and C5b-9 in cells treated with serum, glycine plus serum, 
and Fe3+ (Fig. 5G, H), but this effect decreased in cells co-treated with 
α-tocopherol or thiourea. Together, these data suggest that serum in
duces oxidative stress and that glycine amplifies this effect. 

2.6. Glycine-potentiated serum killing via oxidative stress in E. coli 

Since dye oxidation alone is insufficient evidence for detection of 
reactive species in biology, we explored the effects of glycine, serum on 
the survival and H2O2 generation in E. coli K12 using the genetically 
encoded roGFP2-Orp1 redox biosensor [35,36], and compared the re
sults to those reported above in V. alginolyticus using the dye. The 
roGFP-Orp1 biosensor was previously developed to monitor the intra
cellular concentration of H2O2 in E. coli using ratiometric changes of the 

Fig. 5. Glycine amplifies serum-induced oxidative 
stress. A. Percent survival (Gray line) and fluores
cence intensity of H2DCFDA dye (Red line) of 
V. alginolyticus 12G01 incubated with fish serum 
(0–250 μL) in parallel samples. B. Percent survival of 
V. alginolyticus 12G01 in the indicated concentrations 
of glycine (100 mM), Fe3+(40 μM), α-tocopherol (100 
μM) or thiourea (80 mM) plus fish serum (100 μL). C. 
Quantification of ROS in V. alginolyticus 12G01 being 
treated with indicated concentrations of glycine (100 
mM), Fe3+(40 μM), α-tocopherol (100 μM) or thio
urea (80 mM) plus fish serum (100 μL). D-F. GSH(D), 
GSSG(E) and GSH/GSSG(F) were measured in the 
indicated concentrations of glycine (100 mM), 
Fe3+(40 μM), α-tocopherol (100 μM) or thiourea (80 
mM) plus fish serum (100 μL). G.H. Quantification of 
C3b(G) or C5b-9(H) on V. alginolyticus 12G01 incu
bated with thiourea (80 mM), Fe3+(40 μM), 
α-tocopherol (100 μM) and/or glycine (100 mM) in 
the presence or absence of 100 μL fish serum. Results 
are displayed as mean ± standard errors of the means 
(SEM) (N ≥ 3 technical replicates per sample), and 
statistically significant differences are identified. *, p 
< 0.05, **, p < 0.01. Each experiment was repeated 
independently at least three times. (For interpretation 
of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   
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405 and 488 nm excitation maxima of roGFP2 upon oxidation [37,38]. 
The 405/488 nm excitation ratio of the fully DTT-reduced and fully 
diamide oxidized probe was verified (Fig. S12A, Supporting Informa
tion). E. coli was killed by serum in a dose-dependent manner, and the 
serum-generated H2O2 resulted in an increased degree of oxidation 
(OxD) as demonstrated by the 405/488 nm excitation ratio of the 
biosensor, indicating an enhanced intracellular H2O2 level (Fig. 6A). The 
value of OxD varied in bacteria treated with saline, glycine, serum or 
glycine plus serum. The results suggest that H2O2 increased, reached a 
plateau from 90 to 150 min, and then decreased in cells exposed to 
serum or glycine plus serum. However, the maximal H2O2 concentration 
was higher in cells treated with glycine plus serum than in cells treated 
with serum (Fig. 6B). In contrast, in cells treated with serum and H2O2, 
the intracellular concentration of H2O2 increased immediately and then 
decreased back to baseline, indicating detoxification/scavenging of 
induced ROS (Fig. 6B). α-tocopherol reduced fish- or mouse 
serum-induced cell death 6.3-fold or 8.1-fold, and thiourea reduced fish- 
or mouse serum-induced cell death 11.8-fold or 8.8-fold and respec
tively. (Fig. 6C). Fe3+ increased fish or mouse serum-induced cell death 
7.9-fold or 6.5-fold, respectively (Fig. 6C), and the OxD increased as 
bacterial survival decreased (Fig. 6D). H2O2 potentiated serum-induced 
cell death (Fig. 6E), which correlated with an increased OxD (Fig. 6F) 
and increased binding of complement proteins (Fig. 6G, H). E. coli sur
vival decreased over time in the presence of serum, was increased by 
thiourea or α-tocopherol and decreased by addition of Fe3+ or H2O2 

(Fig. 6I, J). These data are consistent with the hypothesis that redox 
imbalances play a role in glycine-potentiated serum-induced bacterial 
death. 

The role of oxidative stress was examined in mutant bacterial strains 
deleted for genes involved in the oxidative stress response. For this 
purpose, experiments were performed using strains carrying △soxS, 
△sosR, △acrA, △acrB, △marA, △marB, △arcA, △arcB, △cpxA, 
△cpxR and △oxyR. Viability was quantified in the presence and 
absence of serum. Interestingly, bacterial strains carrying △soxS, 
△sosR, △acrB, △arcA or △oxyR were more sensitive to serum than 
wildtype, while △cpxA was the most resistant strain (Fig. 6K; Fig. S13, 
Supporting Information). Because activated SoxS initiates the oxidative 
stress response pathway [34], it is not surprising that △soxS cells are 
more sensitive to serum than wildtype cells. 

2.7. Glycine promotes GSSG accumulation to disrupt membrane integrity 
that facilitates complement binding 

Deposition of complement proteins C3b and C5b-9 was similar in 
cells treated with fish serum or mouse serum (Fig. 7A, B). Complement 
binding decreased in cells treated with α-tocopherol or thiourea, while 
complement binding increased in cells treated with Fe3+. 

Similar experiments were performed in mutant cells carrying de
letions in genes involved in GSH metabolism, including gshB, gpx, glyA, 
cysE, and cysK. Deletions in these genes confer resistance to killing by 

Fig. 6. The effect of reactive oxygen species on 
serum resistance is universal. A. Percent survival 
(gray line) and change in oxidation state of the 
roGFP2 probes (blue line) of E. coli incubated with 
fish serum (0–250 μL) in parallel samples. B. OxD 
kinetics of bacteria to H2O2(20 mM), glycine (100 
mM), serum (100 μL) and serum (100 μL) plus glycine 
(100 mM) with biosensor, roGFP2-Orp1, expressed in 
E. coli were measured using the microplate reader. 
OxD was calculated using the 405/488 excitation 
ratio with emission at 510 nm. C. Percent survival of 
E. coli incubated with thiourea (150 mM), α-tocoph
erol (100 μM) or Fe3+(40 μM) in the presence or 
absence of 100 μL fish or mouse serum and glycine 
(100 mM). D. OxD of roGFP2-Orp1 expressed in 
E. coli were measured using the microplate reader 
after incubated with thiourea (150 mM), α-tocopherol 
(100 μM) or Fe3+(40 μM) in the presence or absence 
of 100 μL fish or mouse serum alone or in the pres
ence of glycine (100 mM) for 2h. E. Percent survival 
of E. coli in the presence of H2O2 (1 mM), serum (100 
μL) or both. F. OxD of roGFP2-Orp1 expressed in 
E. coli were measured using the microplate reader 
after incubated with H2O2 (1 mM), serum (100 μL), or 
both for 2h. G & H Quantification of C3b and C5b-9 
on E. coli in the presence of H2O2(1 mM), serum 
(100 μL) or both. I & J Percent survival of E. coli 
incubated with thiourea (150 mM), α-tocopherol 
(100 μM), Fe3+(40 μM), H2O2 (1 mM) or glycine (100 
mM) in the presence or absence of 100 μL serum for 
the indicated length of time. K. Percent survival of 
E. coli K12, ΔsoxS, ΔsoxR, ΔacrB, ΔacrA and ΔoxyR in 
the presence of 100 μL serum for 2h. Results are 
displayed as mean ± standard errors of the means 
(SEM) (N ≥ 3 technical replicates per sample), and 
statistically significant differences are identified. *, p 
< 0.05, **, p < 0.01. Each experiment was repeated 
independently at least three times. (For interpretation 
of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   
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glycine plus serum (Fig. 7C). However, the deletion of gor increased 
susceptibility to serum-induced killing (Fig. 7C). Deletions in gpx also 
decreased serum-mediating killing, implying that altered GSH redox 
balance (e.g. oxidation of GSH to GSSG) is critical. 

To confirm that glycine promotes the oxidation of GSH to GSSG in 
the presence of serum, as observed in V. alginolyticus, we performed the 
following experiments. First, The E. coli Δgpx mutant cells were trans
formed with pACYC184:gpx, a low-copy plasmid to constitutively ex
press Gpx, or pCA24N:gpx, a high-copy plasmid to overproduce Gpx 
induced by isopropyl β-D-thiogalactoside. The △gpx mutant cells were 
resistant to glycine-potentiated serum-induced killing, but sensitivity 
was restored by complementation or overexpression of Gpx (Fig. 7C). In 
contrast, the △gor deletion mutant was sensitive to glycine-potentiated 
serum-induced killing, but this sensitivity was abrogated by comple
mentation or overexpression by transformation of the deletion strain 
with pACYC184:gor or pCA24N:gor, respectively (Fig. 7C). Second, in 
strains engineered to express Grx1-roGFP2, which allows intracellular 
GSH redox potential to be monitored [40], H2O2 induces a dramatic 
increase in GSSG, followed by a return the basal level within 45 min. In 
the presence of serum, the increase in GSSG was modest, similar to the 
level induced by H2O2. In contrast, in the presence of glycine plus serum, 
GSSG gradually increased and began to decrease after 120 min until 

reaching a “new” baseline level higher than the baseline in the presence 
of serum alone (Fig. 7D). This pattern is consistent with suggestion that 
glycine plus serum leads to an increase in intracellular H2O2 (Fig. 6B). 
Exposure of cells to glycine alone had no effect on the concentration of 
GSSG. Third, in bacteria treated with DTT to reduce GSSG to GSH, 
glycine-potentiated serum-induced killing was abolished (Fig. 7E). 
These data suggest that glycine plus serum promotes oxidation of GSH. 

Our results also show that NAPDH accumulated in V. alginolyticus 
grown in the presence of glycine plus serum (Fig. 4G). NADPH is a 
cofactor for GR, and its higher abundance should promote reduction of 
GSSG to GSH. This possibility was tested and confirmed in E. coli 
(Fig. 7F). Thus, we hypothesize that reduced GR may be involved in the 
NAPDH accumulation. Furthermore, NADPH decreased, NADP+

increased and the NADPH/NADP+ ratio decreased in wildtype or △gpx 
mutant cells expressing GR from constitutive or inducible plasmid 
expression vectors (e.g., pACYC184-gor or pCA24N-gor, respectively), 
similar to the situation in serum-treated cells (Fig. 7F–H; Fig. S14, 
Supporting Information). These results suggest that glycine plus serum 
leads to lower GR activity, which in turn leads to higher NADPH. 

The thioredoxin/thioredoxin reductase system is critical for defense 
against oxidative stress and involved in the reduction of oxidized protein 
disulfides [41]. E. coli K12 had two thioredoxins, namely thioredoxin A 

Fig. 7. GSSG accumulation, membrane integrity 
and complement deposition. A.B. Quantification of 
C3b(A) and C5b-9(B) on E. coli K12 incubated with 
thiourea (150 mM), α-tocopherol (100 μM) or 
Fe3+(40 μM) in the presence of 100 μL fish or mouse 
serum or in the presence of 100 μL fish or mouse 
serum with 100 mM glycine. C. Survival of the E. coli 
gene deletion mutants in the presence or absence of 
100 μL serum plus 100 mM glycine. Heatmap scale 
(blue to red) represents the folds of killing. D. OxD 
kinetics of H2O2(20 mM), glycine (100 mM), serum 
(100 μL) and serum (100 μL) plus glycine (100 mM) 
of Grx1-roGFP2 expressed in E. coli were measured 
using the microplate reader. The degree of oxidation 
(OxD) was calculated using the 405/488 excitation 
ratio with emission at 510 nm. E. Percent survival of 
E. coli K12 incubated with 100 μL serum plus glycine 
in the presence of DTT (0–10 mM). F–H. Quantifica
tion of NADP+(F), NADPH(G) and NADPH/ 
NADP+(H) of E. coli K12, K12:pACYC184-gor and 
K12:pCA42N-gor incubated with glycine (100 mM), 
serum (100 μL), or both. I.J. Percentage of PI uptake 
(I) or calcein leakage(J) in E. coli K12 and Δgpx in the 
presence of glycine (100 mM), serum (100 μL), or 
both for 1.5h quantified by flow cytometry. K.L. 
Quantification of C3b(K) and C5b-9(L) in E. coli K12 
and Δgpx in the presence of glycine (100 mM), serum 
(100 μL), or both. Results are displayed as mean ±
standard errors of the means (SEM) (N ≥ 3 technical 
replicates per sample), and statistically significant 
differences are identified. *, p < 0.05, **, p < 0.01. 
Each experiment was repeated independently at least 
three times. (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
Web version of this article.)   
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(TrxA) and thioredoxin C (TrxC). Oxidation of both of TrxA and TrxC 
was observed in serum and serum plus glycine but the oxidation level 
was not significant between each other. Glycine alone failed to cause 
oxidation of TrxA or TrxC (Fig. S15, Supporting Information), indicating 
the oxidative stress imposed by serum or serum plus glycine. In addition, 
the trxA, trxB, trxC, bcp and ahpC mutants did not affect serum- or 
glycine plus-serum-mediated killing. (Fig. S16, Supporting 
Information). 

The role of GSSG in potentiating complement binding was investi
gated using propidium iodide staining and a calcium leakage assay to 
assess membrane integrity. Interestingly, in the presence of glycine plus 
serum, 93.2% of the control cells stained positive, but 29.7% were 

positive in △gpx mutant cells (Fig. 7I). Consistently, in the presence of 
glycine plus serum, there was massive cellular leakage of wildtype cells, 
but the fraction of leaking △gpx mutant cells was only 11.9% (Fig. 7J). 
Complement binding also decreased in △gpx mutant cells (Fig. 7K,L) . 

Furthermore, pre-treatment of bacteria with GSH decreased killing 
while pre-treatment with GSSG increased killing (Fig. S17, Supporting 
Information). Treatment of bacteria with GSH increased intracellular 
GSH but not GSSG as indicated by GSH/GSSG ratio (Fig. S18, Supporting 
Information). Although how GSH is transported into bacteria is less 
explored, it has been used to counteract the antibiotics-induced ROS in 
several other studies [35–37]. Oligopeptide transporter family was 
suggested to be a potential GSH transporter in eukaryotes [38]. Thus, 

Fig. 8. GSH metabolism in clinical isolates. A. Percent survival of clinical serum-resistant and serum-sensitive strains in the presence of mouse serum (100 μL) or/ 
and glycine (100 mM), thiourea (150 mM) or both. B. Quantification of ROS in clinical strains in the presence of mouse serum (100 μL) or/and Glycine (100 mM), 
thiourea (150 mM) or both. C. qRT-PCR for detection of expression of genes in GSH metabolism and sulfur metabolism of E. coli K12 and clinical strains. D.E. The 
specific activity of Gpx (D) and GR (E) in clinical serum-resistant and serum-sensitive strains. Results are displayed as mean ± standard errors of the means (SEM) (N 
≥ 3 technical replicates per sample), and statistically significant differences are identified. *, p < 0.05, **, p < 0.01. 
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deletion mutants of oppB or oppC inhibited the influx of GSH to the 
bacteria and thereby abrogated the function of GSH in protecting cell 
death (Fig. S18, Supporting Information). OppB and OppC, two subunits 
of the ATP-binding cassette transporter oligopeptide permease (Opp), 
are responsible for the translocation of the substrate across the mem
brane. Thus, Opp may be a potential transporter of GSH in E. coli. 

Glycine inhibits the reaction in which L-alanine is added to UDP- 
acetylmuramic acid by UDP-N-acetylmuramate-alanine ligase and the 
replacement of L-alanine residues which may weaken the structure of the 
cell wall [39,40]. To exclude this effect, we performed a cell leakage 
assay by including D-serine, which can be incorporated in the cell wall 
during bacterial growth [41]. D-serine or D-serine plus serum (with or 
without glycine) failed to cause cell leakage (Figs. S19A and B, Sup
porting Information). Meanwhile, D-serine had no synergistic effect with 
serum and did not alter cell survival (Fig. S19C, Supporting Informa
tion). These results demonstrate that neither glycine nor D-serine causes 
membrane damage under the experimental conditions tested. The re
sults are consistent with previous reports showing that glycine does not 
sensitize bacteria to membrane targeting antibiotics, such as ampicillin, 
under the same conditions [22]. Meanwhile, 100 mM or higher glycine 
is required to induce expression of recombinant proteins in E. coli [42, 
43]. The tolerance of the bacteria to D-serine can be attributed to the 
presence of D-serine deaminase [44]. These data confirm that GSH 
metabolism and altered redox balance play roles in serum-mediated 
killing of bacteria in the presence of glycine. 

2.8. Effect of GSH oxidation on serum-sensitivity of clinical isolates of 
E. coli 

To explore the clinical relevance of the above results, we used ten 
multidrug-resistant clinical isolates of E. coli, including 5 serum- 
sensitive and 5 serum-resistant strains, as described previously [22]. 
Serum-sensitive and serum-resistant strains were equally susceptible to 
serum-induced killing in the presence of glycine (Fig. 8A), but cell death 
decreased 5.8-fold in the presence of thiourea (Fig. 8A). In addition, the 
clinical isolates of serum-resistant E. coli had lower level of oxidative 
stress than serum-sensitive strains (Fig. 8B). Glycine increased intra
cellular oxidative stress in serum-sensitive and serum-resistant strains 
(Fig. 8B), consistent with survival data. Expression of genes involved in 
GSH metabolism was lower in serum-resistant than in serum-sensitive 
strains (Fig. 8C). Consistent with this, the specific activity of Gpx was 
lower in serum-resistant strains, whereas specific activity of GR was 
similar (Fig. 8D, E). In the presence of glycine plus serum, Gpx activity 
increased and GR activity decreased (Fig. S20, Supporting Information). 

3. Discussion 

Serum resistance is one of the most important traits of pathogenic 
bacteria, because it allows them to survive and proliferate in the host 
[45–47]. Although serum resistance has been studied for decades, it 
remains poorly understood, and effective strategies to manage infections 
with serum-resistant bacteria are urgently needed. While antibiotics are 
the drugs of choice to treat bacterial infections, there is some interest in 
developing alternatives to antibiotics, for example, by boosting the 
immune system [48,49]. The complement system, a critical component 
of the innate immune response to infection, is a potential target, in this 
regard. 

One challenge is that the strategies used to evade the innate immune 
response differ from pathogen to pathogen [50]. Here, 
glycine-reprogrammed metabolome shows that glycine-induced meta
bolic flux promotes GSH metabolism and sulfur metabolism in 
V. alginolyticus, which was not detected in E. coli in our previous report 
[22]. Instead, activated TCA cycle was identified as the major metabolic 
pathway responsible for reverting serum resistance. Nonetheless, the 
gene, glyA, which mediates the metabolic flux of glycine, are shared by 
the two mechanism. In addition, it is important to recognize that serum 

resistance in E. coli may not be representative of serum resistance in 
other bacterial pathogens. The role of metabolites has also been un
derappreciated for many years [51]. We previously hypothesized that 
metabolic state plays a critical role in serum resistance and then 
demonstrated that exposure to exogenous metabolites can reverse serum 
resistance [22,52,53]. Furthermore, evidence support this hypothesis in 
several bacterial species. 

In this study, we explore the idea that serum resistance is influenced 
by glutathione metabolism-oxidative stress and redox balance, and 
compare results in V. alginolyticus and serum-resistant and serum- 
sensitive E. coli. Glycine, serine and threonine metabolism is altered in 
serum-resistant E. coli [22], glutathione metabolism and sulfur meta
bolism are repressed and GSH/GSSG redox balance is disrupted. Higher 
GSH/GSSG ratio correlates with ability to scavenge oxidants in 
serum-sensitive E. coli. Lower GSH/GSSG ratio and low oxidative stress 
correlates with serum resistance (see Fig. 9). 

The finding that oxidative stress is a determinant of serum sensitivity 
expands our understanding of oxidative stress function. Oxidative stress 
plays an important role in the immune response to bacterial infection 
[54,55], while their role in antibiotic efficacy is a matter of debate [56, 
57]. A possible role for oxidative in serum-induced bacterial cell death 
has not been previously recognized. However, Neisseria gonorrhoeae 
demonstrated 4-fold increase in oxygen consumption in the presence of 
serum [58], indicating a role for oxygen. Increased metabolism of oxy
gen generates ROS, as observed in this study and our previous study, as 
well as higher abundance of NADH [59,60]. Furthermore, deletion of 
the gene encoding antioxidant transcription factor SoxS increased bac
terial sensitivity to serum. Other deletion mutants also showed altered 
sensitivity, but to a lesser extent than the soxS deletion mutant. This 
might be due to the complexity of the oxidative defense network. Thus, 
the simultaneous loss of several transcription factors might have a 
profound impact on sensitivity to serum. However, it is worth noting 
that addition of Fe3+ slightly increased the killing by both serum and 
glycine, but not as much as it increased killing in the presence of 
β-lactams, aminoglycosides and quinolones [57]. This suggests that the 
Fenton reaction might not contribute significantly to the effect, while 
toxicity of GSSG plays a greater role during glycine-potentiated ser
um-induced bacterial cell death. These data also suggest that oxidative 
stress plays a role in serum-induced killing. 

Glycine reduces oxidative stress in the absence of serum but pro
motes oxidative stress in the presence of serum. In the absence of serum, 
glycine promotes biosynthesis of GSH, which scavenges oxidants [61, 
62]. Glycine inhibited ROS release in human neutrophils [63], and 
modulates ROS hemostasis in wheat seedlings stressed by high salt [64]. 
In the presence of serum, glycine promotes oxidation and suppresses 
reduction of GSH. Ultimately, this leads to toxic levels of GSSG [29], 
although the mechanism is not understood. However, it may involve 
impaired glutathionylation, which is pivotal for redox status [65,66]. 
Furthermore, glycine drives metabolic flux to the TCA cycle in the 
presence but not in the absence of serum [22]. These data suggest that 
the effects of a bacterial metabolite is influenced by the metabolic state 
of the bacteria. 

This study also describes metabolic reprogramming, where exoge
nous compounds exert a metabolic shift, for example, a shift from an 
abnormal to a normal metabolome [67]. This approach has been used 
successfully to revert bacterial antibiotic-resistance and restore anti
biotic sensitivity [67]. Metabolome-reprogramming molecules can be 
identified by comparing the two different metabolomes, one abnormal 
and one normal. Metabolome-reprogramming molecules may stimulate 
flux through a metabolic pathway that plays a critical role in restoring a 
normal phenotype, and the nature of the reprogrammed metabolic 
pathways may be a clue to understanding pathology and/or an 
“abnormal phenotype”. Indeed, the present study suggests that 
metabolome-reprogramming plays a role in glycine-stimulated ser
um-mediated bacterial cell death. In addition, a role for GSH 
metabolism-ROS and altered redox balance is proposed. Last, we 
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propose that metabolomics and metabolic reprogramming could support 
development of novel therapeutic approaches for various phenotypes. 

Another interesting observation is that the expression of GGT was 
induced in bacteria exposed to glycine plus serum. GGT is thought of as a 
prooxidant, because it cleaves the γ-glutamyl bond of GSH, degrading 
GSH, which is associated with atherosclerosis, cardiovascular disease, 
cancer, lung inflammation, neuroinflammation and bone disorders [68]. 
This is consistent with our observation that oxidative stress and 
expression of GGT increase in cells treated with glycine and serum. 
Although the role of GGT is less explored in bacteria than that in 
humans, GGT is thought to play a role in Helicobacter-associated 
changes in host cell metabolism leading to cancer [69,70]. We suggest 
that amino acids and peptides in serum may act as acceptors of the 
gamma-glutamyl residue of GGT, thereby accelerating GGT-dependent 
catabolism of extracellular GSH (i.e., see Fig. S18). This possibility was 
confirmed in experiments performed using the GGT inhibitor, GGsTop. 
More importantly, increased expression of GGT may cause S-thiolation 
of proteins associated with serum resistance, since it was described 
previously that GGT promoted S-thiolation of proteins including the 
receptors at the cell surface level [71,72]. Thus, it is highly possible that 
GGT-promoted protein S-thiolation occurs during glycine-potentiated 
serum-induced killing; however, the mechanism remains unknown 
and requires further investigation. 

One technical limitation of this study is that the validity and 
normalization of qRT-PCR and metabolomic data might create artifacts, 
since bacteria might be alive but non-functional. However, in this study, 
we used deletion mutants to demonstrate that the relevant genes were 
functional and played a role during glycine-potentiated serum-induced 
killing at the population level. 

In summary, this study demonstrates that glycine stimulates pro
duction of ROS in bacteria in the presence of serum, which in turn 
promotes oxidation of GSH and serum-induced bacterial cell death. 
Conversely, increased reduction of GSH causes lower abundance of ROS, 
which correlates with serum resistance. These results suggest a novel 
approach to reveal, identify and analyze serum-resistant pathogens, and 
provide mechanistic insight into the phenomenon of bacterial resistance 
to serum-induced cell death. 

4. Experimental Section 

Ethics statement: This study was conducted in accordance with the 
recommendations in the Guide for the Care and Use of Laboratory 

Animals of the National Institutes of Health [73]. Animals were main
tained according to the standard protocols. All experiments were 
approved by the Institutional Animal Care and Use Committee of Sun 
Yat-sen University (approval no. SYSU-IACUC-2020-B126716). 

Bacterial strains and growth conditions: Bacterial strains used in this 
study were from the collection of our laboratory. V. alginolyticus 12G01 
(GenBank accession Nos. AAPS01000007) from a single colony was 
cultured in 3% NaCl Luria-Bertani (LB) (tryptone [10 g/liter], yeast 
extract [5 g/liter], NaCl [30 g/liter]) at 30 ◦C and 200 rpm. Overnight 
cultures were diluted to 1:100 using fresh 3% NaCl LB medium and grew 
30 ◦C and 200 rpm to OD600 approximately of 0.5. Bacterial cells were 
then collected by centrifugation at 8000×g for 5 min at 4 ◦C and washed 
three times with saline solution for the subsequent experiments. Unless 
otherwise indicated, 100 mM glycine was added at 2 h before the bac
teria were collected for centrifugation in all experiments. E. coli strains 
were grown in LB medium at 37 ◦C. The other culture conditions were 
the same as those for V. alginolyticus. The parental strain E. coli K12 
BW25113 and its knockout strains were obtained from the KEIO 
collection [74]. The multidrug-resistant E. coli used in this study was 
insensitive to at least three classes of antibiotics including β-lactamases, 
aminoglycoside, quinolones or/and sulfonamides. 

Experimental animals and serum killing: Nile tilapia (Oreochromis 
niloticus) was obtained from Guangdong Tilapia Breeding Farm 
(Guangzhou, China) with equal number of male and female. The weight 
of each fish was around 500 ± 10 g. These animals were maintained in 
25 L tanks under the following conditions as previously described [75]: 
water temperature at 28 ◦C; pH value of 7.0–7.5; carbon dioxide <10 
mg/L; oxygen at 6–7 mg/L; nitrogen content at 1–2 mg/L. Tilapia was 
acclimated for four weeks. Six-week BALB/c mice were obtained from 
the experimental animal center of Sun Yat-sen University, Guangzhou, 
China, and were acclimatized for one week. Blood of Nile tilapia or 
BALB/c mice was collected via vein puncture and the serum was pre
pared by centrifugation. Sera from 50 fish and 20 mice respectively were 
packaged and kept at − 80 ◦C for future use. Packaged sera were not 
allowed to undergo more than one round free-and-thaw cycle after they 
were taken from the refrigerator. Bacteria prepared as previously 
described were suspended with sterile saline and adjusted to OD600 of 
1.0. An aliquot of 3 mL bacteria was collected in a 5 mL centrifugation 
tube and 100 μL serum or/and 100 mM glycine were added to the 
bacterial solution. An equal volume of sterile saline was added in the 
control group. The mixtures were cultured at 30 ◦C for 2 h at 200 rpm. 
Bacterial cells were collected by centrifugation at 8000 g for 10 min at 

Fig. 9. Proposed Model. When exposed to serum, bacteria experience oxidative stress, whose adverse effects can be mitigated by GSH metabolism, allowing 
bacterial survival. When exogenous glycine is added to serum, it can be metabolized directly or indirectly into serine and L-cysteine, and oxidation of GSH to GSSG 
increases while reduction of GSSG to GSH decrease. Thus, the accumulated GSSG and ROS might disrupt membrane integrity to facilitate complement binding. 
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4 ◦C, and the bacterial pellet was then re-suspended by 3 mL sterile 
saline. To determine the colony-forming units (CFU) per mL, 100 μL of 
samples were 10-fold serially diluted and an aliquot of 5 μL of each 
dilution was spotted on the 3% NaCl LB agar plates and cultured at 30 ◦C 
for 10 h. Meanwhile, bacteria from the same culture were collected and 
washed twice with the same centrifugation protocol as described above 
for preparation of the GC-MS sample. 

Metabolic profiling: Sample preparation was performed as described 
previously [22]. Briefly, bacterial cells were extracted with 1000 μL of 
cold methanol, which contained 10 μL of 0.1 mg/mL ribitol (Sigma) as 
internal analytical standard. The cells were lysed by sonication for 10 
min at 30% intensity and were centrifuged for 10 min at 12,000 g at 
4 ◦C. Then, 1000 μL of supernatant from the centrifugation was trans
ferred into a new 1.5-ml tube and dried in a rotary vacuum centrifuge 
device (Labconco). The resulting samples were used for GC-MS analysis. 
Each sample had five biological replicates with two technical repeats. 

GC-MS analysis was carried out with a variation on the two-stage 
technique as previously described [76]. First, protected carbonyl moi
eties of samples were exposed through a 90-min 37 ◦C reaction with 80 
μL of 20 mg/ml methoxyamine hydrochloride in pyridine. This was 
followed by the derivatization of acid protons by a 30-min 37 ◦C reaction 
with the addition of 80 μL of N-methyl-N-trimethylsilytri
fluoro-acetamide (MSTFA) (Sigma). Chemical analyses of samples were 
carried out by an Agilent G1701EAGC-MSD ChemStation (Agilent). The 
injection port was maintained at 270 ◦C. The derivatized sample of 1 μL 
was injected into a dodecyl benzene sulfonic acid (DBS) column (30-m 
length, 250-μm inner diameter [i.d.], 0.25-μm thickness) using the split 
less mode. The MS source temperature was maintained at 250 ◦C in the 
electron ionization (EI) (ionized directly) mode with 70 eV ionization 
energy and 8000 V acceleration voltage. The MS quad temperature was 
held constant at 150 ◦C. The initial temperature of the GC oven was 
programmed at 85 ◦C for 3 min, followed by an increase to 285 ◦C at a 
rate of 5 ◦C min− 1. The temperature was then increased to 310 ◦C at a 
rate of 20 ◦C min− 1 and held for 7 min. Helium was used as the carrier 
gas. The flow was kept constant at 1 ml min− 1. MS was operated in a 
range of 50–600 m/z. 

GC-MS data analysis: Date processing was conducted as previously 
described [77]. Mass fragmentation spectrum was analyzed by XCalibur 
software (Thermo fisher, version 2.1) to identify compounds by 
matching data with the National Institute of Standards and Technology 
(NIST) library and NIST MS search 2.0 program. The data were 
normalized according to total amount correction and standardized data 
containing metabolites, retention times, and peak areas, for further 
metabolomics analysis. The software IBM SPSS Statistics 19 was used to 
analyze the significant difference of the standardized data. The metab
olites with differences were selected (P-value < 0.05). The R software (R 
× 64 3.6.1) was used for cluster analysis. Principal component analysis 
and S-plot analysis were performed by SIMCA-P + 12.0 software 
(Version 12; Umetrics, Umea, Sweden) and the metabolic pathway was 
done with MetaboAnalyst 5.0 enrichment [78]. 

qRT-PCR: Quantitative real-time PCR (qRT-PCR) was carried out as 
described previously [79]. Total RNA was isolated from V. alginolyticus 
using TRIzol reagent (Invitrogen Life Technologies, United States) ac
cording to the user manual. Electrophoresis in 1% (wt/vol) agarose gels 
was performed to check the quality of extracted RNA. By using an 
EvoM-MLV RT kit with gDNA clean for qPCR (AG11705; Accurate 
Biology), reverse transcription-PCR was carried out on 1 μg of total RNA 
according to the manufacturer’s instructions. qRT-PCR was performed 
in 384-well plates with a total volume of 10 μL containing 5 μL 2 × SYBR 
green premix pro Taq HS qPCR kit (AG11701; Accurate Biology), 2.6 μL 
H2O, 2 μL cDNA template, and 0.2 μL each of forward and reverse 
primers (10 μM), and the reaction mixtures were run on a LightCycler 
480 system (Roche, Germany). Data are shown as the relative mRNA 
expression compared with control with the endogenous reference 16S 
rRNA gene. 

Measurement of redox status: Measurement of redox status was 

performed as previously described [80,81]. Bacteria were cultured as 
described previously and washed twice with pre-warmed phosphate-
buffered saline (PBS). The bacterial suspensions were then incubated 
with 10 μM H2DCFDA (Sigma, United States) at 37 ◦C for 30 min in the 
dark. The samples were analyzed by a microplate reader (Varioskan 
LUX, Thermo fisher Scientific, United States) at an excitation and 
emission wavelength of 495 and 525 nm, respectively. 

Measurement of total NADP(H), NADPH and NADP: The NADPH/ 
NADP concentrations were measured with commercials kit (Abcam, No. 
176724), using a 96-well plate reader [82–84]. Briefly, 1 × 109 CFU/mL 
bacterial cells were exposed to serum or/and glycine and incubated at 
30 ◦C for 2 h. After incubation, bacteria were collected and re-suspended 
in PBS buffer to OD600 of 1.0. 1 mL of bacterial cells was collected at 10, 
000×g for 15 min at 4 ◦C, resuspend with 500 μL NADP/NADPH lysis 
buffer and incubated at room temperature for 15 min. Cell lysates were 
centrifuged at 2500 rpm for 5 min to remove cell debris, and supernatant 
were transferred to a new tube for assay. Incubate reaction at RT for 1 h 
protected from light, monitor fluorescence intensity at Ex/Em =
540/590 nm. The fluorescence in blank wells (with the PBS buffer only) 
is used as a control and is subtracted from the values for those wells with 
the NADPH reactions. Total NADPH and NAPDH was quantified ac
cording to manufacturer’s protocol. Concentration of NADP in the test 
samples is calculated as: NADP = Total (NADP/NADPH) – NADPH 

Measurement of specific activity of enzymes: The specific activity of 
GR, Gpx and thioredoxin reductase were measured with commercials kit 
(G0209F, Grace, Suzhou; A119992, Fusheng, Shanghai; BC1155, 
Solarbio, Beijing, respectively). Briefly, bacterial cells were exposed to 
serum or glycine or both for 2 h at 30 ◦C and were disrupted by sonic 
oscillation for 3 min for preparation of sample. GR activity was 
measured by DTNB reduction assays. GSSG is reduced to form GSH that 
reacts with DTNB to TNB. Units (U) of GR activity were calculated using 
an extinction coefficient of 1.36 × 104 L/mol/cm at 412 nm. 

For Gpx activity, was based on the oxidation of GSH by Gpx and 
cumene hydroperoxide, coupled to the decrease of NADPH by GR. The 
decrease of NADPH (measured at OD = 340 nm) is proportional to Gpx 
activity. Deplete all GSSG in the sample prior to assay to ensure accurate 
assay results. The extinction coefficient of NADPH at 340 nm is 
0.00622/μM/cm. 

For thioredoxin reductase activity, TrxR catalyzes the reduction of 
DTNB by NADPH to generate TNB and NADP+, and 2-vinylpyridine is 
used to inhibit the original reduced GSH in the sample to ensure accurate 
assay results. The TrxR activity can be calculated by measuring the in
crease rate of TNB at 412 nm as described previously [85]. 

The specific activities of the above three enzymes were calculated by 
normalizing the units of GR, Gpx or thioredoxin reductase activity with 
the quantity of protein in each sample (BCA protein assay), which were 
expressed as U/mg protein. 

Measurement of total GSH, reduced GSH (GSH) and GSH disulfide 
(GSSG): GSH concentration was assessed using a GSH/GSSG Ratio 
Detection Assay Kit (Abcam, No.205811), which uses a proprietary non- 
fluorescent water-soluble dye that becomes strongly fluorescent upon 
reacting with GSH [86,87]. Briefly, bacterial cells were exposed to 
serum or glycine or both for 2 h at 30 ◦C and were re-suspended in PBS 
buffer to OD600 = 1.0. An aliquot of treated cells (2 mL) was collected in 
1 mL PBS/0.5% NP-40 and subject to sonic oscillation for 3 min to 
prepare bacterial cell lysates. An aliquot of the cellular extract was used 
for protein quantification by Bradford assay [88]. Ice cold 100% (w/v) 
trichloroacetic acid (TCA) was mixed with 5 vol of sample for depro
teinization, followed by addition of NaHCO3 to pH 5. For GSH detection, 
add 50 μL of GSH Assay Mixture (GAM) into each GSH standard and 
sample well to make the total assay volume 100 μL/well, for total GSH 
(reduced and oxidized) detection, add 50 μL of Total Glutathione Assay 
Mixture (TGAM) into each GSSG standard and sample well to make total 
assay volume 100 μL/well. Incubate at room temperature for 30 min 
protected from light and read by a fluorescence microplate reader with 
excitation and emission at 490/520 nm. GSH and total GSH 
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concentrations were calculated using a standard curve. GSSG was 
calculated as follows: GSSG = (Total GSH - GSH)/2. 

Measurement of C3b/C5b-9 on the bacterial outer membrane: The 
commercial assay kits (FS-E63210, A119994, A119939, A119993, 
Fusheng, Shanghai) were used to quantify fish complement fragment 3B 
(C3b), fish complement protein 5b-9 (C5b-9), mouse complement frag
ment 3B (C3b) and mouse complement protein 5b-9 (C5b-9), respec
tively, on the bacterial outer membrane. These four kits use double 
antibodies sandwich method to determine the level of fish/mouse 
complement fragment 3B (C3b) or complement protein 5b-9 (C5b-9) in 
the sample. The absorbance (OD value) was measured with a microplate 
reader at the wavelength of 450 nm, and the concentration of comple
ment fragment 3B or complement protein 5b-9 in the sample was 
calculated according to the standard curve. Briefly, the cultured bacte
rial cells were collected and washed three times with sterile saline. Then, 
the cells were harvested and adjusted to OD600 at 1.0. An aliquot of 50 μL 
cells were transferred into the encapsulated micropores precoated with 
captured antibodies, and the C3b/C5b9 was determined according to the 
user manuals. 

Measurements of degree of oxidation (OxD): Plasmids pQE-60 
roGFP2-Orp1-His and pQE-60 Grx1-roGFP2-His were gifts from Tobias 
Dick (RRID: Addgene_64976; RRID: Addgene_64799). E. coli strains 
were constructed using standard molecular and genetic techniques [89, 
90]. E. coli strains transformed with roGFP2 fused probes (Grx1-roGFP2 
and roGFP2-Orp1) were cultivated in LB medium with 100 μM IPTG 
overnight to induce expression of the probes. Then, the cells were har
vested and adjusted to OD600 at 1.0. Samples for fully reduced and 
oxidized controls were treated for 5 min with 8 mM diamide and 40 mM 
dithiothreitol (DTT), respectively [91]. The biosensor fluorescence 
emission at 510 nm was stimulated by excitation at 405 and 488 nm and 
measured using a microplate reader. OxD was calculated as previously 
described [92–94]. 

OxDroGFP2 =
I405 • I488red − I405red • I488

I405 • I488red − I405 • I488ox + I405ox • I488 − I405red • I488 

Detection of redox state of Trxs in E. coli bacteria:The redox state of 
Trxs was determined as described previously [95]. In brief, bacteria 
were exposed to serum or glycine or both for 2 h at 37 ◦C and were 
collected as described above for preparation of proteins sample. Proteins 
were precipitated with 10% trichloroacetic acid (TCA) and pellets were 
washed with ice-cold acetone 3 times. The pellet was dissolved in 50 mM 
Tris-HCl, pH 8.5, and 1% sodium dodecyl sulfate (SDS) containing 15 
mM AMS by incubation at 37 ◦C for 1h. The protein concentration of the 
samples was determined by the BCA protein assay (Beyotime, Shanghai, 
China). Equal amounts of protein were separated on 15% SDS- PAGE 
gels. TrxA and TrxC were detected by Western blotting using the cor
responding specific primary goat antibodies. The primary antibody 
dilution was 1:1000 for anti-Flag (Zen-bio, Chengdu, China); the sec
ondary antibody dilution was 1:3000 (CST, MA, USA). Specific bands 
were detected by the Chemiluminescence Reagent Plus method (Epi
Zyme, Shanghai, China). 

Propidium iodide (PI) uptake and calcein leakage assay: To measure 
membrane integrity of E. coli K12 or Δgpx upon exposure to glycine or 
serum or both, flow cytometry was adopted as described previously [96, 
97]. Propidium iodide (PI) intercalates with bases of deoxyribonucleic 
acid (DNA) and gives fluorescence. The produced fluorescence emission 
can be detected by flow cytometer. The harvested cells were added to 
glycine or serum or their combination, and the mixtures were incubated 
at 30 ◦C for 1.5h. After incubation, 106 CFU/mL diluted cells were mixed 
with 2 μg/ml PI at 30 ◦C for 20 min in dark. The excitation and emission 
at 544 nm and 620 nm, respectively, were used to detect PI fluoresces. A 
total of 10,000 cells were acquired for each flow cytometry analysis 
(CytoFLEX, Beckman Coulter Ltd., USA). Experiments were repeated 
with at least three independent biological replicates. Calcein AM 
(C3099, Thermo fisher Scientific, USA) is a membrane-permeating, 

non-fluorescent derivative of calcein with the excitation and emission 
wavelengths at 490 nm and 517 nm, respectively. After entering the cell, 
calcein AM is cleaved by cytoplasmic esterases, releasing the fluorescent 
calcein, which is membrane-impermeable. Calcein can leak out of the 
cells only if their membrane is damaged. In brief, 109 CFU/ml cells were 
incubated with 10 μg/ml of calcein AM at 30 ◦C for 2h. The cells were 
then treated with glycine or serum or both for 1.5h at 30 ◦C. For 
detection of calcein leakage, 106 CFU/mL cells were collected and then 
analyzed on flow cytometry (CytoFLEX, Beckman Coulter Ltd., USA) 
with a record count of 10,000 cells. Experiments were repeated with at 
least three independent biological replicates. 

Statistical analysis: Data were analyzed and graphed using Prism 8.0 
(GraphPad). After testing for normality, a two-tailed paired Student’s t- 
test was used for all pairwise statistical comparisons unless otherwise 
indicated. Data shown are the means ± SEM. At least three biological 
replicates per experiment were carried out. Significance is described in 
the figure legends as: * p < 0.05, ** p < 0.01. 
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