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The Apparent Quorum-Sensing Inhibitory Activity of Pyrogallol Is a

Side Effect of Peroxide Production
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There currently is more and more interest in the use of natural products, such as tea polyphenols, as therapeutic agents. The
polyphenol compound pyrogallol has been reported before to inhibit quorum-sensing-regulated bioluminescence in Vibrio har-
veyi. Here, we report that the addition of 10 mg - liter ™" pyrogallol protects both brine shrimp (Artemia franciscana) and giant
river prawn (Macrobrachium rosenbergii) larvae from pathogenic Vibrio harveyi, whereas the compound showed relatively low
toxicity (therapeutic index of 10). We further demonstrate that the apparent quorum-sensing-disrupting activity is a side effect
of the peroxide-producing activity of this compound rather than true quorum-sensing inhibition. Our results emphasize that
verification of minor toxic effects by using sensitive methods and the use of appropriate controls are essential when characteriz-

ing compounds as being able to disrupt quorum sensing.

Polyphenols are a large group of compounds found in plants,
including coffee and tea (1). They have been reported to have
both antioxidant (2) and prooxidant activities (3). The polyphe-
nol compound pyrogallol (1,2,3-trihydroxybenzene) has been re-
ported to have antibacterial activity against many bacteria, includ-
ing vibrios (4). More recently, the compound has been reported to
inhibit quorum-sensing-regulated bioluminescence at subinhibi-
tory concentrations (i.e., concentrations that did not affect
growth) in a Vibrio harveyi HAI-1 receptor mutant (50% inhibi-
tory concentration [ICs,] of 2 uM [~0.25 mg - liter ']) (5). How-
ever, the effect of pyrogallol on the bioluminescence of a consti-
tutively luminescent strain (which would allow verification that
the bioluminescence inhibition is really caused by interference
with its regulation) has not been studied, nor has the compound
been reported to affect any other quorum-sensing-regulated phe-
notype in the bacterium.

Impact of pyrogallol on the virulence of Vibrio harveyi to-
ward brine shrimp larvae. We previously showed that the viru-
lence of Vibrio harveyi BB120 (= ATCC BAA-1116; recently re-
classified as Vibrio campbellii [6]) in our model system with
gnotobiotic brine shrimp larvae is regulated by quorum sensing
(7). Using this model system, we investigated whether pyrogallol
could protect challenged larvae from the pathogen and found that
when added to the culture water at 10 mg - liter ! or more, the
compound significantly increased the survival of challenged lar-

TABLE 1 Percent survival of brine shrimp larvae with and without
pyrogallol after 2 days of challenge with Vibrio harveyi BB120

Treatment % Shrimp survival (avg = SD)“
Control 87 £ 8A

Pyrogallol 50 mg - liter ' 90 £ 74

Pyrogallol 100 mg - liter ' 75 7A

Pyrogallol 500 mg - liter " 0*08B

BB120 40 £5c¢C

BB120 + pyrogallol 1 mg - liter " 43+ 8¢

BB120 + pyrogallol 5 mg - liter ! 38+ 12¢

BB120 + pyrogallol 10 mg - liter ' 87+ 34

BB120 + pyrogallol 50 mg - liter ' 87 £ 104

@ Results are from three replicates. Values with different letters are significantly different
(P <0.01).
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TABLE 2 Percent survival of giant river prawn (Macrobrachium
rosenbergii) larvae after 5 and 8 days of challenge with Vibrio harveyi
BB120 with and without pyrogallol

% Prawn survival (avg = SD)

on day”:
Treatment 5 8
Control 97 =34 85*5a
BB120 70 5¢C 46 =5b
BB120 + pyrogallol 10 mg - liter ' 8658 77 = 8a

@ Results are from five replicates. Values with different letters are significantly different
(P <0.01).

vae (Table 1). Furthermore, pyrogallol showed relatively low tox-
icity to brine shrimp larvae, as there was no significant negative
effect on the survival of nonchallenged larvae for concentrations
up to 100 mg - liter " (Table 1).

Impact of pyrogallol on the virulence of Vibrio harveyi to-
ward giant river prawn larvae. Because of these promising re-
sults, we went further to investigate the effect of pyrogallol in a
commercial crustacean species. We had previously found that the
virulence of Vibrio harveyi to larvae of the giant river prawn Mac-
robrachium rosenbergii is regulated by quorum sensing (G. S. J.
Pande, F. M. I. Natrah, P. Sorgeloos, P. Bossier, and T. Defoirdt,
submitted for publication). Using the same challenge assay, we
found that the addition of 10 mg - liter ' pyrogallol to the culture
water also resulted in significantly increased survival of challenged
giant river prawn larvae (Table 2).

Impact of pyrogallol on bioluminescence of Vibrio harveyi.
Vibrio harveyi quorum sensing has been reported to control dif-
ferent virulence-related phenotypes, including biofilm formation
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FIG1 (A) Growth of wild-type Vibrio harveyi BB120 in Luria-Bertani medium containing 35 g - liter ' synthetic sea salt (LB55) with and without pyrogallol. (B)
Bioluminescence of Vibrio harveyi under the same conditions with and without pyrogallol. Error bars represent the standard deviations of 4 replicates. (C)
Bioluminescence of Vibrio harveyi strain JAF548 pAKlux1 (in which luminescence is independent of quorum sensing) with and without pyrogallol. Error bars
represent the standard deviations of 4 replicates. LU, light units.
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FIG 2 Bioluminescence of Vibrio harveyi wild-type BB120 and strain JAF548 pAKlux1 (in which luminescence is independent of quorum sensing) in Luria-
Bertani medium containing 35 g - liter ' synthetic sea salt with and without pyrogallol (10 mg - liter ') and with or without catalase from bovine liver (10

mg - liter '). Error bars represent the standard deviations of four replicates.

(8) and metalloprotease production (9-11). Because pyrogallol
did not have a significant effect on these phenotypes (data not
shown), we aimed to further explore the mechanism by which
pyrogallol protected the crustaceans from Vibrio harveyi. Al-
though the compound had only a slight impact on the growth of
wild-type Vibrio harveyiat 10 mg - liter ' (i..e., the lowest dose that
protected the shrimp) (Fig. 1A), it was found to significantly de-
crease quorum-sensing-regulated bioluminescence under the
same conditions (Fig. 1B). A similar decrease in bioluminescence
was observed in double mutants that are only sensitive to one of
the three signal molecules and mutants with a constitutively active
quorum-sensing-signal transduction cascade (data not shown).
In order to further investigate the possibility that the effect ob-
served in the bioluminescence experiments was due to minor tox-
icity, we investigated the effect of the compounds on the biolumi-
nescence of strain JAF548 pAKlux1, in which bioluminescence is
independent of the quorum-sensing system (12). We found that
the luminescence in this strain was also inhibited by pyrogallol,
similar to what was observed with wild-type Vibrio harveyi (Fig.
1C). These data indicate that the apparent quorum-sensing inhib-
itory effect as observed in the wild type was a side effect of signif-
icant toxic activity of pyrogallol that was undetected in the growth
assay.

Impact of catalase on the bioluminescence-inhibitory activ-
ity of pyrogallol. Because pyrogallol had been reported before to
autooxidize in aqueous solutions, resulting in the release of H,O,
(3), we reasoned that this reactive compound might be responsi-
ble for the bioluminescence-inhibitory activity. In order to verify
this, we investigated whether the addition of catalase could neu-
tralize the effect of pyrogallol and found that the enzyme indeed
neutralized the bioluminescence-inhibitory effect of pyrogallol,
both in wild-type Vibrio harveyi (where bioluminescence is regu-
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lated by quorum sensing) and in strain JAF548 pAK/ux1 (in which
bioluminescence is independent of quorum sensing) (Fig. 2).
Impact of catalase on the protective effect of pyrogallol in the
brine shrimp- Vibrio harveyi challenge system. In a last challenge
test, we investigated whether the addition of catalase to the brine
shrimp culture water could also nullify the protective effect seen in
the previous challenge tests. Consistent with the results of our
previous test, the addition of 10 mg - liter ' pyrogallol resulted in
significantly increased survival of challenged larvae (Table 3).
However, this protective effect was not observed when we also
added 10 mg - liter ! catalase to the culture water, and the survival
of the larvae was not significantly different from that of untreated

TABLE 3 Percent survival of brine shrimp larvae after challenge with
Vibrio harveyi BB120 and BB120 density in the culture water after
incubation with or without pyrogallol and catalase

Mean value * SD for®:

BB120 levels in

Brine shrimp water (X10°
Treatment survival (%)° CFU-ml ")
Control 83*+3a
BB120 28108 1.4 £ 0.5
BB120 + pyrogallol 10 mg - liter ' 80 9a 0.0 = 0.0
BB120 + pyrogallol 10 mg - liter ' + 45+ 138 22*02

catalase

BB120 + pyrogallol 10 mg - liter ' + 8054 Not tested

catalase (boiled)

“ Percent survival of brine shrimp larvae after 2 days of challenge with Vibrio harveyi
BB120 (results from three replicate shrimp cultures) and BB120 density in the culture
water after 6 h of incubation (results from two replicate plate counts on Luria-Bertani
medium containing 35 g - liter ' synthetic sea salt) are shown.

 Values with a different letter are significantly different (P < 0.01).
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challenged larvae. Importantly, when we added the same dose of
boiled catalase, the survival of the larvae was again significantly
higher, indicating that the catalase needed to be active in order to
nullify the effect of pyrogallol. Furthermore, we plated the brine
shrimp culture water after 6 h of incubation, the time point at
which maximal H,O, levels have been reported to be released
from pyrogallol in aqueous solution (3). We could not detect a
single colony on plates covered with culture water from the pyro-
gallol treatment (Table 3). However, the plate counts of the treat-
ment receiving both pyrogallol and catalase were similar to those
of the treatment without pyrogallol.

Conclusions. Our data revealed that the apparent quorum-
sensing-disrupting effect of pyrogallol as observed in previously
published bioluminescence experiments is a side effect of the per-
oxide-producing activity of this compound rather than true quo-
rum-sensing inhibition. Indeed, a decrease in bioluminescence
similar to that observed in the wild-type strain (in which biolumi-
nescence is regulated by quorum sensing) was observed in an en-
gineered strain in which bioluminescence is independent of quo-
rum sensing, and this effect could be nullified by adding catalase to
the medium, thereby neutralizing the peroxide that is produced.
Also, the protective effect offered by adding pyrogallol to the brine
shrimp culture water could be nullified by adding catalase but not
by adding heat-inactivated catalase, again confirming that the ef-
fect of pyrogallol could be attributed to peroxide production re-
sulting from the autooxidation of the compound. During the past
decade, multiple reports have been published describing com-
pounds as quorum-sensing inhibitors at so-called subinhibitory
concentrations (13-20). Our results emphasize that it is essential
to verify the effect on viability by using sensitive methods (e.g.,
under nonoptimal growth conditions) and to include appropriate
controls (e.g., tests on the same phenotype, but in a strain that is
engineered in such a way to express the phenotype independently
of quorum sensing) in order to confirm that such compounds
really do interfere with quorum sensing. Tests to evaluate the im-
pact of putative quorum-sensing-disrupting compounds on via-
bility are usually performed under optimal conditions for bacte-
rial growth, and such tests might simply miss subtle toxic and/or
stressful activities of the compounds that are responsible for the
apparent quorum-sensing-disrupting effect. Indeed, although
pyrogallol had only a slight effect on growth in nutrient-rich
broth, this “minor” toxic effect could fully account for the appar-
ent quorum-sensing inhibitory activity observed under the same
conditions. Furthermore, the compound completely inactivated
all Vibrio harveyi cells under harsher conditions, as occurred in the
brine shrimp culture water.

ACKNOWLEDGMENTS

This work was funded by the Research Foundation of Flanders (FWO-
Vlaanderen; project number 1.5.013.12N) and by the Directorate General
of Higher Education of Indonesia through a doctoral scholarship to Gde
Sasmita Julyantoro Pande. Tom Defoirdt s a postdoctoral fellow of FWO-
Vlaanderen.

We thank Gilles Brackman for performing LuxR DNA binding assays.

June 2013 Volume 57 Number 6

QSI Activity of Pyrogallol Is a Side Effect of Peroxide

REFERENCES

1. Bravo L. 1998. Polyphenols: chemistry, dietary sources, metabolism, and
nutritional significance. Nutr. Rev. 56:317-333.

2. Nakagawa T, Yokozawa T. 2002. Direct scavenging of nitric oxide and
superoxide by green tea. Food Chem. Toxicol. 40:1745-1750.

3. Akagawa M, Shigemitsu T, Suyama K. 2003. Production of hydrogen
peroxide by polyphenols and polyphenol-rich beverage under quasi-
physiological conditions. Biosci. Biotechnol. Biochem. 67:2632-2640.

4. Taguri T, Tanaka T, Kouno I. 2006. Antibacterial spectrum of plant
polyphenols and extracts depending upon hydroxyphenyl structure. Biol.
Pharm. Bull. 29:2226-2235.

5. Ni N, Choudhary G, Li M, Wang B. 2008. Pyrogallol and its analogs can
antagonize bacterial quorum sensing in Vibrio harveyi. Bioorg. Med.
Chem. Lett. 18:1567-1572.

6. Lin B, Wang Z, Malanoski AP, O’Grady EA, Wimpee CF, Vuddhakul V,
Alves N, Jr, Thompson FL, Gomez-Gil B, Vora GJ. 2010. Comparative
genomic analyses identify the Vibrio harveyi genome sequenced strains
BAA-1116 and HYO01 as Vibrio campbellii. Environ. Microbiol. Rep. 2:
81-89.

7. Defoirdt T, Sorgeloos P. 2012. Monitoring of Vibrio harveyi quorum
sensing activity in real time during infection of brine shrimp larvae. ISME
J. 6:2314-2319.

8. Anetzberger C, Pirch T, Jung K. 2009. Heterogeneity in quorum sensing-
regulated bioluminescence of Vibrio harveyi. Mol. Microbiol. 73:267-277.

9. Mok KC, Wingreen NS, Bassler BL. 2003. Vibrio harveyi quorum sens-
ing: a coincidence detector for two autoinducers controls gene expression.
EMBO J. 22:870-881.

10. Natrah FMI, Ruwandeepika HAD, Pawar S, Karunasagar I, Sorgeloos P,
Bossier P, Defoirdt T. 2011. Regulation of virulence factors by quorum
sensing in Vibrio harveyi. Vet. Microbiol. 154:124-129.

11. Ruwandeepika HAD, Bhowmick PP, Karunasagar I, Bossier P, Defoirdt
T.2011. Quorum sensing regulation of virulence gene expression in Vibrio
harveyi in vitro and in vivo during infection of brine shrimp (Artemia
franciscana). Environ. Microbiol. Rep. 3:597-602.

12. Defoirdt T, Benneche T, Brackman G, Coenye T, Sorgeloos P, Aamdal
Scheie A. 2012. A quorum sensing-disrupting brominated thiophenone
with a promising therapeutic potential to treat luminescent vibriosis.
PLoS One 7:e41788. doi:10.1371/journal.pone.0041788.

13. Garske LA, Beatson SA, Leech AJ, Walsh SL, Bell SC. 2004. Sub-
inhibitory concentrations of ceftazidime and tobramycin reduce the quo-
rum sensing signals of Pseudomonas aeruginosa. Pathology 36:571-575.

14. Novak JS, Fratamico PM. 2004. Evaluation of ascorbic acid as a quorum-
sensing analogue to control growth, sporulation, and enterotoxin produc-
tion in Clostridium perfringens. J. Food Sci. 69:72-78.

15. Adonizio A, Kong KF, Mathee K. 2008. Inhibition of quorum sensing-
controlled virulence factor production in Pseudomonas aeruginosa by
south Florida plant extracts. Antimicrob. Agents Chemother. 52:198-203.

16. Girennavar B, Cepeda ML, Soni KA, Vikram A, Jesudhasan P, Jaya-
prakasha GK, Pillai SD, Patil BS. 2008. Grapefruit juice and its furocou-
marins inhibits autoinducer signaling and biofilm formation in bacteria.
Int. J. Food Microbiol. 125:204-208.

17. Soni KA, Jesudhasan P, Cepeda M, Widmer K, Jayaprakasha GK, Patil
BS, Hume ME, Pillai SD. 2008. Identification of ground beef-derived
fatty acid inhibitors of autoinducer-2-based cell signaling. J. Food Prot.
71:134-138.

18. Babic F, Venturi V, Maravic-Vlahovicek G. 2010. Tobramycin at subin-
hibitory concentration inhibits the RhlI/R quorum sensing system in a
Pseudomonas aeruginosa environmental isolate. BMC Infect. Dis. 10:148.
doi:10.1186/1471-2334-10-148.

19. Vandeputte OM, Kiendrebeogo M, Rajaonson S, Diallo B, Mol El Jaziri
AM, Baucher M. 2010. Identification of catechin as one of the flavonoids
from Combretum albiflorum bark extract that reduces the production of
quorum-sensing-controlled virulence factors in Pseudomonas aeruginosa
PAO1. Appl. Environ. Microbiol. 76:243-253.

20. Imperi F, Massai F, Pillai CR, Longo F, Zennaro E, Rampioni G, Visca
P, Leoni L. 2013. New life for an old drug: the anthelmintic drug niclos-
amide inhibits Pseudomonas aeruginosa quorum sensing. Antimicrob.
Agents Chemother. 57:996-1005.

aac.asm.org 2873


http://dx.doi.org/10.1371/journal.pone.0041788
http://dx.doi.org/10.1186/1471-2334-10-148
http://aac.asm.org
http://aac.asm.org/

	The Apparent Quorum-Sensing Inhibitory Activity of Pyrogallol Is a Side Effect of Peroxide Production
	Impact of pyrogallol on the virulence of Vibrio harveyi toward brine shrimp larvae.
	Impact of pyrogallol on the virulence of Vibrio harveyi toward giant river prawn larvae.
	Impact of pyrogallol on bioluminescence of Vibrio harveyi.

	Impact of catalase on the bioluminescence-inhibitory activity of pyrogallol.
	Impact of catalase on the protective effect of pyrogallol in the brine shrimp-Vibrio harveyi challenge system.
	Conclusions.
	ACKNOWLEDGMENTS
	REFERENCES

