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A B S T R A C T

More and more antibacterial agents are used together to treat bacterial infections in diverse fields, but the
overuse of antibacterial agents may cause the environmental pollution of antibiotic resistance genes (ARGs). In
order to reduce the use of antimicrobial agents, the potential joint effects of quorum-sensing inhibitors (QSIs)
and traditional antimicrobial agents have been proposed to be effective. In this study, the joint effects of tra-
ditional antimicrobial agents, represented by sulfonamides (SAs) and silver antibacterial agents (silver nitrate
(AgNO3) and nanosilver (AgNP, 5 nm)), and five potential QSIs, were investigated using B. subtilis. It was found
that AgNP showed higher toxicity than AgNO3, whereas the joint effects on B. subtilis showed no difference
between AgNO3 and AgNP when they combined with SAs or QSIs, respectively. In general, AgNO3 and AgNP
presented synergetic and additive effects with QSIs, but additive and antagonistic effects with SAs; SAs exhibited
synergetic, additive and antagonistic effects with different QSIs whether in binary or ternary mixed system.
Moreover, it was found that the use of antimicrobials was reduced and the synergistic combined toxicity of
antimicrobial agents on B. subtilis was increased through the addition of the QSIs. This study can offer a valuable
reference for the combined medication of the different antimicrobial agents, which will benefit the environ-
mental and human health.

1. Introduction

The overuse of the antibiotics has brought about a series of en-
vironmental and health problems, among which the antibiotic re-
sistance genes (ARGs) receives the most concerns (Cerqueira et al.,
2019; Hartmann et al., 2016; Xiong et al., 2015). In view of the po-
tential threats of ARGs to human health, novel antibacterial drugs or
antibiotic alternatives have been developed to reduce bacterial drug-
resistance (Ben et al., 2019). However, the development of new drugs is
a money-consuming and time-consuming process, which meanwhile
cannot keep pace with the disseminative speed of the ARGs (Gonzalez
et al., 2018; Hatcher et al., 2016). Therefore, some researchers suggest

to combined use existing antibiotics to treat bacterial infection, which
may reduce the use of antibiotics and the occurrence or dissemination
of ARGs to a certain extent.

The traditional antibacterial agents have been combined use in-
creasingly in treating the clinical bacterial infections, especially the
combination of traditional antibiotics (such as SAs, sulfa synergistic
agents and tetracycline) and silver antibacterial agents (including
AgNO3 and AgNP). In modern medicine, 0.5% AgNO3 solution has
become the standard solution for the treatment of traumatic infection
(Shin et al., 2007) and AgNP has been developed and applied regarding
to its excellent material properties and broad-spectrum antibacterial
properties (Brausch et al., 2012; Kanmani and Lim, 2013; Pal et al.,
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2009). Meanwhile, some researches indicated that the combination of
traditional antibacterial agents exhibited good antibacterial effects
(Salunke et al., 2016). For example, SAs and silver antibacterial agents
showed synergetic joint effects on treating burn wound infection
(Huang et al., 2007; Moiemen et al., 2011). In addition, sulfa synergistic
agent and tetracycline displayed great synergistic effects with silver
antimicrobial agents (Graeme and Pollack, 1996).

Nevertheless, the combined use of traditional antibacterial agents
cannot reduce the occurrence and dissemination of ARGs radically. The
discovery of quorum sensing inhibitors (QSIs) provides an opportunity
to control amount of ARGs from the source, because QSIs specifically
interfere with the bacterial QS systems in a manner that is unlikely to
lead to selective pressure for the development of drug resistance, and
thus has been suggested as a promising alternative to antibiotics for
bacterial infection treatments.(Chen et al., 2018; Hassan et al., 2016;
Wang et al., 2016a,b). But given the weak antibacterial effects of QSIs,
QSIs have been proposed to combined use with traditional antibacterial
agents. For instance, Stenger, et al. (Stenger et al., 2017) found that
tobramycin and vancomycin showed synergetic joint effects with QSIs
against Pseudomonas aeruginosa, which might be derived from that the
QSIs could increase the susceptibility of bacterial biofilms to improve
the antibacterial efficiency of antibiotics (Christensen et al., 2012;
Brackman et al., 2011). Whereas, Wang et al. revealed that QSIs may
interact with SAs and penicillin to present antagonistic effects (Wang
et al., 2016a,b). These researches imply that the joint effects of tradi-
tional antibacterial agents and QSIs may differ with the type of the
components, and the mechanisms of their combined toxicity could be
different as well. In addition, with regard to AgNO3 and AgNP, we need
to know whether the joint effects of the two can be different when
combined with SAs and QSIs. Therefore, more researches should be
conducted to explore the joint effects between different types of anti-
bacterial agents and QSIs, which can provide a more powerful basis for
clinical bacterial infections treatment.

In this paper, the commonly used antibiotics SAs (sulfamerazine/
SMR, sulfamonomethoxine/SMM, sulfamethoxazole/SMX, sulfa-
chloropyidazine/SCP, sulfapyridine/SPY, sulfamethoxypyridazine/
SMP), silver antimicrobial agents (AgNO3 and AgNP), and five potential
QSIs (including furanones, fyrrolidones and pyrroles) were selected as
the test agents to investigate their individual and combined toxicities to
B. subtilis. The purpose of this work is: (1) to investigate the individual
and combined toxicities of SAs, silver antimicrobial agents and QSIs on
B. subtilis; (2) to analyze their joint toxic action and propose possible
mechanisms for the joint effects between traditional antibacterial
agents and QSIs; (3) to explore the synergistic joint effects between
traditional antibacterial agents and QSIs. This study will help to reg-
ulate the probable combined use of antibiotics and QSIs and to provide
a valuable reference for environmental risk assessment in the future.

2. Materials and methods

2.1. Chemicals and organisms

The chemicals, including six SAs, five potential QSIs, AgNO3 and
AgNP are shown in Table 1. SAs and QSIs were purchased from Sigma-
Aldrich Co., Ltd. (St. Louis, MO, USA). AgNO3 and AgNP were obtained
from Aladdin Reagent Co., Ltd. (Shanghai, China) and Huzheng Nano
Technology Co., Ltd (Shanghai, China), respectively. The bacteria B.
subtilis (168) was obtained from Biovector Co., LTD. (Beijing, China).

2.2. Toxicity determination

Prior to the toxicity determination, the bacteria were inoculated in
5ml LB broth media and incubated at 37 °C until the optical density at
600 nm (OD600) reached 0.5. Then, the bacteria in the log growth phase
were diluted for 1× 105 times and added to transparent 96-well mi-
croplates (Corning, America) that contained a series of concentrations

of the test compounds prepared in LB broth media. After incubation for
20 h at 37 °C, the OD600 value of each well was measured by the mi-
croplate reader (Thermo Scientific, America). Each concentration was
tested in triplicate, and the wells without compound were measured as
the controls. Inhibitory effects of the compound on bacterial growth
were calculated according to the following equation:

=Inhibition% (OD OD )/ODi600,0 600, 600,0 (1)

Where OD600,0 and OD600,i represented readings of the control and
exposed groups, respectively. The individual toxicity of the compound
was characterized by the median effective concentration (EC50) on the
tested bacteria. The dose response curve was plotted with the negative
logarithm of the compound concentration as the abscission coordinate
and the inhibition rate as the ordinate. Linear regression was conducted
and the inhibition rate-negative logarithm concentration equation was
obtained. The concentration of the compound corresponding to the
inhibition rate of 50% was obtained as EC50, was then calculated based
on the decrease in OD600 using a probit model (Lin et al., 2005).

For the combined toxicity determination, the binary or ternary
mixtures were prepared in equitoxic concentrations based on their in-
dividual EC50 values at 20 h (Broderius et al., 2010; Zhifen et al., 2005).
The mixtures were determined according to the above method of single
toxicity determination. The joint effects of the binary or ternary mix-
tures were characterized by the sum of the toxic unit method as follows:

=TU C EC/i i,50% 50, (2)

where Ci,50% denotes the concentrations of the component i in the
binary or ternary mixtures, which provoked an inhibition in 50%. EC50,i
denotes the EC50 value of components i. On the basis of the joint
toxicity criterion of Broderiu et al. a simple addition is characterized by
1.2 > TU > 0.8, whereas TU≥1.2 represents antagonism and
TU≤0.8 indicates synergism. The addition implies that the mixture
toxicity is equal to the sum of the individual toxicity, while the syner-
gism and antagonism indicate a greater or lesser effects of the mixture
than the sum of each component separately.

2.3. Data analysis

Linear regression analysis was performed using Origin Pro 8.6.0
(PortableSoft.org). The statistical quality of the fitted models was
evaluated by the determination coefficient (R2), root mean standard
error (RMSE), Fischer ratio (F), and the significant level (P).

3. Results

3.1. Individual toxicities of AgNO3/AgNP, SAs, QSIs

The individual log(1/EC50)s (mol/L) of the test chemicals were
given in Table 1. The toxicity order for the antibacterial agents was
QSIs < SAs < AgNO3 < AgNP, with log(1/EC50)s 4.92 for AgNO3,
5.07 for AgNP, with log(1/EC50)s ranging from 4.82 to 5.38 for SAs
(SPY < SMP < SMX < SMM < SCP < SMR), 0.45–2.04 for QSIs
(2-P < γ-Va < PLL < PA < PC), respectively. Apparently, the log
(1/EC50)s of the QSIs were significantly lower than SAs and AgNO3/
AgNP (Fig. 1), indicating the AgNO3/AgNP and SAs presented sig-
nificantly higher toxicity on B. subtilis than QSIs. This is likely because
the QSIs mainly target the bacterial QS communication, and do not
cause the bacterial death directly. With regard to SAs and QSIs, they
both cause the inhibition or death to the bacteria directly to exhibit
good bactericidal effects. Therefore, AgNO3/AgNP and SAs presented
significantly higher toxicity on B. subtilis than QSIs (Chen et al., 2014;
Kumar and Munstedt, 2005; Wang et al., 2018).
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3.2. Combined toxicity results

3.2.1. Combined toxicities of AgNO3/AgNP and SAs
On the basis of single toxicity, the joint effects of AgNO3/AgNP and

SAs were determined and the results were shown in Table S1 in Sup-
plementary materials for the TU values of the mixtures. It showed that
AgNO3/AgNP & SAs mostly presented additive joint effects, with TU
values ranging from 0.8 to 1.2 (Fig. 2). Several exceptions were ob-
served presenting antagonism, with TU values greater than 1.2, i.e.,
SMX & AgNO3, SMX & AgNP, SMP & AgNO3, SMP & AgNP.

By comparing the TU values of AgNO3 & SAs and AgNP & SAs, it can
be seen that the TU values were close. With regard to SMX and SMP,
they both presented antagonistic joint effects with AgNO3/AgNP, with
TU values all greater than 1.2, while AgNO3/AgNP showed additive

effects with the other four SAs (SMR, SMM, SCP, SPY), with TU values
ranging from 0.8 to 1.2. To verify the effect of AgNO3/AgNP on joint
toxicity results further, correlation analysis between TU values of
AgNO3 & SAs and AgNP & SAs was conducted:

= +
= = = = =

TU TU
n R RMSE F P

0.835 0.132
6, 0.857, 0.028, 30.993, 0.005

SAs AgNP SAs AgNO3
2 (3)

Through linear regression analysis, it was found that TU AgNO3–SAs
had good correlation with TU AgNP–SAs, with R2=0.857, indicating that
the form of silver had little effect on the joint toxicity.

3.2.2. Combined toxicities of AgNO3/AgNP and QSIs
The joint effects of AgNO3/AgNP and QSIs were determined and the

results were shown in Table S2 in Supplementary materials for the TU
values of the mixtures. In general, the joint effects of AgNO3/AgNP &
QSIs on B. subtilis were mostly synergistic. For the mixtures of AgNO3/
AgNP & QSIs (γ-Va, 2-P, PLL, PC), they all presented synergism, with
TU values all less than 0.8 (Fig. 3). Specifically, the PA presented ad-
ditive effects with AgNO3, but antagonistic effects with AgNP.

By comparing the TU values of AgNO3 & QSIs and AgNP & QSIs, the
joint effects of all of the mixtures exhibited no difference between the
two silver. For example, the TU values of AgNO3/AgNP and PA reached
the maximum (TU=1.02/1.39), which showed additive and antag-
onistic respectively, while TU values of AgNO3/AgNP & other QSIs (γ-
Va, 2-P, PLL, PC) were lower than 0.8, presenting a synergy. Likewise,
correlation analysis between the TU values of AgNO3 & QSIs and AgNP
& QSIs was also conducted:

= +
= = = = =

TU TU
n R RMSE F P

0.674 0.108
5, 0.824, 0.314, 19.714, 0.021

QSIs AgNP QSIs AgNO3
2 (4)

As shown in Eq. (4), it can be determined that R2 is 0.824, we ob-
tained good correlation between the TU AgNO3-QSIs and the TU AgNP-QSIs,
indicating that the form of silver was poorly related to the joint toxicity,

Table 1
CAS, name, abbreviation, and molecular structure and log (1/EC50).

No. Class CAS Chemical Name/Abbreviation Molecular structure log(1/EC50) (mol/L)

1 SAs 127-79-7 Sulfamerazine/SMR fx1 5.38
2 SAs 1220-83-3 Sulfamonomethoxine/SMM fx2 5.08
3 SAs 723-46-6 Sulfamethoxazole/SMX fx3 5.04
4 SAs 80-32-0 Sulfachloropyidazine/SCP fx4 5.22
5 SAs 144-83-2 Sulfapyridine/SPY fx5 4.82
6 SAs 80-35-3 Sulfamethoxypyridazine/SMP fx6 5.02
7 Furanones 108-29-2 γ-Valerolactone/γ-Va fx7 6.54
8 Pyrrolidones 616-45-5 2-Pyrrolidinone/2-P fx8 4.53
9 Pyrrolidones 149-87-1 DL-Pyroglutamic acid/PA fx9 1.98
10 Pyrroles 23356-96-9 L-(+)-Prolinol/PLL fx10 1.85
11 Pyrroles 1125-99-1 1-Pyrrolidino-1-cyclohexene/PC fx11 2.04
12 Silver antibacterial agent 7761-88-8 Silver nitrate/AgNO3 fx12 4.92
13 Silver antibacterial agent 7440-22-4 Nano-silver/AgNP 5 nm 5.07

Fig. 1. Single toxicity of sulfonamides, QSIs and silver antimicrobials under
20 h exposure.

Fig. 2. The joint effects of SAs and silver antimicrobials. Fig. 3. The joint effects of QSIs and silver antimicrobials.
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corresponding to the result of 3.2.1.

3.2.3. Combined toxicities of AgNO3/AgNP & SAs & QSIs
The joint effects of AgNO3/AgNP & SAs & QSIs were determined and

the results were shown in Table S3 in Supplementary materials for the
TU values of the mixtures. According to Fig. 4, the ternary mixtures was
characterized by additive and antagonistic joint effects. For the ternary
mixtures of AgNO3/AgNP & SAs & γ-Va presented synergism (TU in the
range of 0.36–0.79), and the ternary mixtures of AgNO3/AgNP & SAs &
2-P and AgNP & SAs & PC showed addition (TU in the range of
0.87–1.17), whereas the ternary mixtures of AgNO3/AgNP & SAs & PA/
PLL exhibited antagonistic effects (TU in the range of 1.21–1.93). Si-
milarly, correlation analysis between the TU values of AgNO3 & SAs &
QSIs and AgNP & SAs & QSIs was conducted:

=
= = = = =

TU TU
n R RMSE F P

1.136 0.152
30, 0.709, 0.137, 68.591, 0.065

SAs QSIs AgNP SAs QSIs AgNO3
2 (5)

After a further analysis, we found that the TU AgNO3–SAs-QSIs had a
good correlation with the TU AgNP–SAs-QSIs, the value of R2 is 0.709, it
demonstrated once again that the joint effects of all of the mixtures
exhibited no difference between the two forms of silver (AgNO3 and
AgNP).

3.2.4. Combined toxicities of SAs and QSIs
The joint effects of the SAs and QSIs were determined and the re-

sults were shown in Table S4 in Supplementary materials for the TU
values of the mixtures. Based on the TU values (Fig. 5), the joint effects
of SAs and QSIs on Bacillus subtilis was scattered in different groups.
Some groups were lower than 0.8 (TU in the range of 0.58–0.67), i.e.,
SMR & γ-Va, SPY & γ-Va, SPY & 2-P, exhibiting synergistic, while the
remain SAs combined with γ-Va, 2-P showed additive effects (TU in the
range of 0.80–1.09). However, all SAs presented antagonistic joint ef-
fects with PLL (TU in the range of 1.24–1.85), while additive effects

with PC (TU in the range of 0.82–1.14). Therefore, the binary combi-
nation of SAs and QSIs on B. subtilis exhibited mainly additive and
antagonistic.

4. Discussion

4.1. Analysis and comparison of the effects of AgNO3/AgNP used alone or
in combination

Based on Fig. 1, we observed that AgNP and AgNO3 exhibited higher
toxicities than the SAs and QSIs. The toxicity of silver to bacteria began
to be studied for as long as 60 years. (Franke et al., 2001). The me-
chanisms underlying the antibacterial actions of silver has been proved
to be through silver ions (Ag+) in some extent (Chen et al., 2014;
Rafinska et al., 2019). The Ag+ may enter cells through a damaged
membrane and could have an effect on toxicity by reducing mi-
tochondrial function, causing the leakage of lactate dehydrogenase
from cells (Braydich-Stolle et al., 2005; Zoroddu et al., 2014), by at-
tacking DNA, or via interactions with phosphorus atoms in phos-
phorylated proteins, resulting in imbalance of intracellular micro-
environment and the disappearance of original biological functions,
which caused cell to die eventually (AshaRani et al., 2009). Moreover,
some studies revealed that the AgNP can cause a series of oxidative
stress reactions leading to cell death when cells were exposed to an
AgNP suspension containing Ag+ (Kohanski et al., 2007). Morones
et al., (2005b) determined the antimicrobial activity of AgNP particles
against four microorganisms and found that AgNP could enter the cell
membrane and release Ag+ ions (Fig. 6). It was worth noting that AgNP
showed higher than AgNO3, because the mixture of AgNP and Ag+

have a higher toxicity than Ag+. The AgNP containing Ag+ were able
to enter the intracellular cytoplasm, and Ag+ ions that already existed
may catalyze the release of Ag+ ions from AgNP, thus amplifying their
toxicity (Kumar and Munstedt, 2005; Pavel et al., 2002).

Meanwhile, the combined toxicity would be improved correspond-
ingly with addition of AgNO3/AgNP. In addition, the correlations be-
tween the three linear regression equations (3)–(5) above were good. In
other words, AgNP/AgNO3 showed no difference in joint effects on B.
subtilis when they were combined with the other antibacterial agents
(SAs and QSIs). It seems that the existing form of silver does not have
much effect on the combined toxicity. Therefore, we speculated that
AgNP/AgNO3 mainly exhibited combined toxicity with SAs or QSIs by
Ag+, differing from the way of presenting individual toxicity of them,
which can provide valuable information to consider for the role of silver
in combination therapy in the future.

4.2. Combined toxicity analysis

4.2.1. Analysis and comparison of the binary joint effects between QSIs &
AgNP/AgNO3 and QSIs & SAs

The QSIs typically function in three possible ways. They block the
activation of the signal receptors, prevent the production of the signal
molecules, and interact with the signal molecules. The five potential
QSIs used in this study are structural analogs of both AI-1 and AI-2
signal molecules. However, B. subtilis does not have the AI-1 mediated
QS system and also lacks the AI-2 receptor, only the signal molecule
synthesis protein LuxS of B. subtilis was studied with regard to its in-
teraction with the five QSIs, as show in Fig. 6. Our results revealed that
the joint effects of QSIs and AgNO3/AgNP on B. subtilis were synergistic.
Only PA showed additive effects with AgNO3 and antagonistic effects
with AgNP. AgNO3/AgNP exhibited antibacterial activities by releasing
Ag+ when combined with QSIs, based on the above theory. The pre-
sence of Ag+ can play an auxiliary role, for example through damaging
of the cell walls and membranes which can facilitate penetration of the
QSIs into the cell, so that the QSIs are to reach the binding sites and
interact with the receptor proteins, and thus intensifying the damage to
B. subtilis and presenting synergistic toxic effects.

Fig. 4. The ternary joint toxicity of QSIs and SAs, silver antibacterial agents.

Fig. 5. The joint effects of SAs and QSIs.
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The six SAs used in this study compete with para-aminobenzoic acid
(pABA) to bind with DHPS, blocking the bacterial folate metabolism
and ultimately inhibiting the bacterial growth (Fig. 6). In this study,
SAs and QSIs presented additive or antagonistic effects on B. subtilis.
The additive effects imply that the components in the mixture do not
affect the toxic action of each other, and their combined effect is equal
to the sum of the effects of the individual chemicals. For example, γ-Va,
2-P and PC mainly presented additive joint effects with SAs (Fig. 5).
Whereas, the antagonistic effects imply that the components in the
mixture are likely to interact with each other during their toxic actions,
e.g., entering the bacterial cell or binding to the target protein. This
resulted in a less effect of the combination than that suggested by the
component toxic effects. It was noticed that PA/PLL and SAs had an-
tagonistic effects (Fig. 5), which was likely because they were capable
of changing the existing forms of the SAs in aqueous solution (Zarfl
et al., 2008). It was worth noting that only the molecular forms of the
SAs can exhibit antibacterial activities, whereas the anionic forms of the
SAs are inactive due to their weak ability to pass through the bacterial
membrane. (ALLEGRA et al., 1990). It was noticed that the two QSIs,
PA and PLL, were able to undergo acidic or alkaline hydrolysis, altering
the pH of the mixed system so that the SAs molecules were present as
ionic forms that have lower antimicrobial activity (Zarfl et al., 2008;
Wang et al., 2016a,b). This is probably the reason why the two QSIs (PA
and PLL) and SAs presented antagonistic joint effects. While the three
QSIs are neutral (without ionization or dissociation centers) and they
will not affect the existing forms of SAs and thus showed additive ef-
fects with the SAs. As is similar to the findings in Wang et al. (Wang
et al., 2018), SAs showed additive or antagonistic joint effects with
different QSIs on E. coli. Therefore, different QSIs provoke inhibition on
the bacteria via different mechanisms, to which enough attention
should be paid and the risk assessment of antimicrobial combinations
and mixtures need to be investigated in the future.

It was known that SAs and AgNO3/AgNP presented addition on B.
subtilis (Fig. 2). However, the QSIs has been a promising alternative to
partially replace SAs due to the synergic effects between QSIs and
AgNO3/AgNP. Besides, AgNO3/AgNP showed higher antibacterial ac-
tivities than SAs when combined with QSIs, which greatly improved the
combined drug effects. Meanwhile, the QSIs reduced the use of anti-
biotics and bacterial resistance, as well as the environmental burden
(Wang et al., 2016a,b). Therefore, the combined treatments of QSIs and
AgNO3/AgNP improved higher efficiency than QSIs or SAs in inhibiting
the growth of B. subtilis.

4.2.2. Analysis and comparison of the ternary mixtures of QSIs & AgNO3/
AgNP & SAs

According to the results (3.2.3), the ternary mixtures of QSIs &
AgNO3/AgNP & SAs were synergistic, additive or antagonistic on B.
subtilis. Compared with the binary joint effects of QSIs and SAs, the
antimicrobial activities were higher by adding AgNO3/AgNP.
Compared with the binary joint effects of AgNO3/AgNP and SAs, the
results of ternary interaction changed from additive and antagonistic to
synergistic and additive by the addition of two QSIs (γ-Va/2-P). It
showed that some QSIs (γ-Va/2-P) can also be used to improve the
combination treatment of the ternary mixtures, which was similar to
the mechanism of the combination of QSIs and silver antibacterial
agents. In general, the addition of γ-Va and 2-P QSIs could present
synergistic effects on B. subtilis no matter in binary or ternary interac-
tion system. Meanwhile, the presence of QSIs in ternary combination
could reduce the use of antibiotics, thereby alleviating the pollution of
resistant genes (Eugene et al., 2003), which offers a valuable reference
for the follow-up guidance of combined drug to improve drug efficacy
and promote health environmental effects.

4.3. Research prospect

As discussed above, the combination of QSIs with AgNO3/AgNP or
SAs showed synergistic and additive effects on B. subtilis, and the
ternary mixtures of some QSIs (γ-Va/2-P) & SAs & AgNO3 presented
synergistic effects. Different QSIs presented different joint effects with
traditional antibacterial agents (synergism, addition and antagonism).
However, we can choose the combinations of the joint effects of sy-
nergistic and additive to improve the combined toxicity efficacy as far
as possible. Since the mixtures of γ-Va/2-P & QSIs with traditional
antibacterial agents could exert synergistic effects, we can further study
for the structure of the two QSIs to explore the mechanism of their
interaction with traditional antibacterial agents. Therefore, it is ex-
pected to find out the best combination between QSIs and traditional
antibacterial agents in combination drug therapy to make scientific and
efficient use of existing antibiotics, thereby reducing the emergence of
bacterial resistance. As a result, it is necessary to investigate further on
mechanism study of the combined toxicity on B. subtilis and verify it
with molecular experiments in the future.

5. Conclusions

In this study, the individual and combined toxicity of six SAs, the

Fig. 6. Mechanisms for the toxicity of SAs,
QSIs and silver antibacterial agents; (A) The
target of the SAs is dihydropterate synthe-
tase (DHPS), an enzyme that facilitates para-
aminobenzoic acid (PABA) as a substrate for
the synthesis of dihydrofolic acid (folic acid)
(Wang et al., 2018b). The SAs are structural
analogs of PABA. Thus, they can competi-
tively inhibit DHPS (Fujita and Tsuruo,
2000). (B) The QSIs typically function in
three possible ways. They block the activa-
tion of the signal receptors, prevent the
production of the signal molecules and in-
teract with the signal molecules. The five
potential QSIs used in our study are struc-
tural analogs of both AI-1 and AI-2 mole-
cules. However, as for B. subtilis, only LuxS
was studied with regard to its interaction
with the five QSIs. This was because B.

subtilis does not have the AI-1 mediated QS system and also lacks the AI-2 receptor (Rezzonico and Duffy, 2008). (C) silver antibacterial agents mainly show
bactericidal effect by silver ions (Ag+). The Ag+ ions may enter cells through a damaged membrane and could have an effect on toxicity by reducing mitochondrial
function, causing the leakage of lactate dehydrogenase from cells (Braydich-Stolle et al., 2005; Zoroddu et al., 2014), by attacking DNA, or via interactions with
phosphorus atoms in phosphorylated proteins (Morones et al., 2005a).
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silver antibacterial agents (AgNO3/AgNP) and five potential QSIs were
determined on B. subtilis. The main conclusions are as follows: The in-
dividual toxicities of SAs and silver antibacterial agents were sig-
nificantly higher than those of the QSIs. In the mixture toxicity test,
AgNO3/AgNP presented synergetic and additive effects with QSIs, but
additive and antagonistic effects with SAs, while QSIs exhibited sy-
nergetic, additive and antagonistic effects with SAs, as well as the
mixtures of QSIs & AgNO3/AgNP & SAs; in addition, the individual
toxicity of AgNP was slightly higher than that of AgNO3, but the joint
effects of the two was consistent when combined with SAs or QSIs.
Therefore, this work suggests a combined use of AgNO3 and QSIs in the
bacterial infection treatment, if the economic cost of silver is con-
sidered; meanwhile, the use of antibiotics and the occurrence or dis-
semination of ARGs were reduced and the combined effects were im-
proved through the addition of the QSIs. This work suggests a
promising combined use of traditional antibacterial agents and QSIs in
the bacterial infection treatment. It also offers a preview of the poten-
tial combined effects of traditional antibacterial agents and QSIs on
human health and ecological environment.
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