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Plant antimicrobials are not used as systemic antibiotics at present. The main reason for this is their low
level of activity, especially against gram-negative bacteria. The reported MIC is often in the range of 100 to
1,000 pg/ml, orders of magnitude higher than those of common broad-spectrum antibiotics from bacteria or
fungi. Major plant pathogens belong to the gram-negative bacteria, which makes the low level of activity of
plant antimicrobials against this group of microorganisms puzzling. Gram-negative bacteria have an effective
permeability barrier, comprised of the outer membrane, which restricts the penetration of amphipathic
compounds, and multidrug resistance pumps (MDRs), which extrude toxins across this barrier. It is possible
that the apparent ineffectiveness of plant antimicrobials is largely due to the permeability barrier. We tested
this hypothesis in the present study by applying a combination of MDR mutants and MDR inhibitors. A panel
of plant antimicrobials was tested by using a set of bacteria representing the main groups of plant pathogens.
The human pathogens Pseudomonas aeruginosa, Escherichia coli, and Salmonella enterica serovar Typhimurium
were also tested. The results show that the activities of the majority of plant antimicrobials were considerably
greater against the gram-positive bacteria Staphylococcus aureus and Bacillus megaterium and that disabling of
the MDRs in gram-negative species leads to a striking increase in antimicrobial activity. Thus, the activity of
rhein, the principal antimicrobial from rhubarb, was potentiated 100- to 2,000-fold (depending on the bacterial
species) by disabling the MDRs. Comparable potentiation of activity was observed with plumbagin, resveratrol,
gossypol, coumestrol, and berberine. Direct measurement of the uptake of berberine, a model plant antimi-
crobial, confirmed that disabling of the MDRs strongly increases the level of penetration of berberine into the
cells of gram-negative bacteria. These results suggest that plants might have developed means of delivering
their antimicrobials into bacterial cells. These findings also suggest that plant antimicrobials might be

developed into effective, broad-spectrum antibiotics in combination with inhibitors of MDRs.

Plants produce an enormous array of secondary metabolites,
and it is commonly accepted that a significant part of this
chemical diversity serves to protect plants against microbial
pathogens (10). These plant substances are classified as phy-
toanticipins, which are compounds that are present constitu-
tively, or phytoalexins, whose levels increase strongly in re-
sponse to microbial invasion. In several well-documented
cases, mutant plants that lack the ability to produce a partic-
ular phytoalexin had considerably higher levels of sensitivity to
microbial pathogens. For example, mutant oats that lack sapo-
nin avenacin A-1 became sensitive to a range of fungal patho-
gens (36). However, the only definitive test for a putative
antimicrobial is activity. In this regard, the evidence is often
unconvincing. In the example cited above, avenacin A-1 did
not actually show antifungal activity in a direct susceptibility
test in vitro (3). According to the influential review of Dixon
cited above (10), there is only one documented case in which
plant antimicrobials were present at a sufficient concentration
in vivo to inhibit the growth of a bacterial pathogen (37). In
that study, infection of cotton with Xanthomonas campestris
elicited the synthesis of a set of sesquiterpenoid phytoalexins,
which was followed by a decline in bacterial growth. What
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remains puzzling is that one of the sesquiterpenoids, 2-hy-
droxy-7-methoxycadalene, had no antibacterial activity in vitro,
yet its expression followed the same pattern as those of the
other related phytoalexins.

Plant compounds are routinely classified as “antimicrobial”
on the basis of susceptibility tests that produce MICs in the
range of 100 to 1,000 pg/ml, orders of magnitude weaker than
those of typical antibiotics produced by bacteria and fungi
(MICs, 0.01 to 10 pg/ml). A compound that is synthesized in
response to pathogen invasion and is required to protect the
plant from a pathogen but that shows little activity in an in vitro
susceptibility test is not necessarily an antimicrobial. Such a
substance might have a regulatory function, indirectly increas-
ing the level of resistance of the plant. This analysis suggests
that we lack a solid rationale for making a functional assign-
ment for the vast majority of plant compounds that have been
classified as antimicrobials.

One helpful clue regarding the possible function of plant
secondary metabolites is that these compounds often show
considerable activity against gram-positive bacteria but not
against gram-negative species or yeast (26). Both yeast and
gram-negative bacteria have evolved significant permeability
barriers. In gram-negative species, an outer membrane is a
fairly effective barrier for amphipathic compounds, and a set of
multidrug resistance pumps (MDRs) extrudes amphipathic
toxins across the outer membrane (27, 31, 33, 49). In the yeast
Saccharomyces cerevisiae, the presence of ergosterol, which
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decreases permeability, combined with a set of broad-specific-
ity MDRs also provides an effective barrier (26, 40). By con-
trast, the single membrane of gram-positive bacteria is consid-
erably more accessible to permeation by amphipathic toxins,
and MDRs provide limited protection (26). Several gram-pos-
itive bacteria invade plants, but the majority of plant pathogens
are gram-negative bacteria or yeast and related fungi.

We proposed that plants produce compounds that can be
effective antimicrobials if they find their way into the cell of the
pathogen (45). Production of MDR inhibitors by the plant
would be one way to ensure delivery of the antimicrobial com-
pound. In our previous studies, we found that Berberis plants
which produce a putative antimicrobial, berberine, also make
the MDR inhibitors 5'-methoxyhydnocarpin D (5'-MHC-D)
and pheophorbide A, which facilitate the penetration of ber-
berine into a model gram-positive bacterium, Staphylococcus
aureus (44, 45). Berberis plants do not have known bacterial
pathogens, perhaps in part due to their effective chemical de-
fenses. Somewhat similar studies aimed at finding the basis of
gram-negative bacterial resistance to plant antimicrobials have
not been conclusive. In Rhizobium etli, an operon activated by
a number of plant phytoalexins was identified. The operon
appeared to code for an RmrAB MDR (13). Mutant rmrAB
had a diminished ability for root colonization, and increased
susceptibilities to phytoalexins naringenin and coumaric acid
were reported. However, the difference in susceptibility be-
tween the wild type and mutant was very small, about 30%.
Note that the intrinsic variability of the MIC test is twofold. In
Agrobacterium tumefaciens, coumestrol, an antifungal phytoa-
lexin of soybeans, was found to induce expression of an LfeAB
MDR (35). Mutation in the pump increased the level of accu-
mulation of coumestrol in the pathogen, and the mutant was
outcompeted by the wild type in colonizing the plant. However,
neither the wild type nor the mutant was sensitive to coumes-
trol.

Whether the in vitro ineffectiveness of plant antimicrobials
against gram-negative bacteria is due to poor penetration or
efflux by MDRs has remained an open question. In this study,
we show that MDR inhibitors can dramatically increase the
effectiveness of putative plant antimicrobials against gram-neg-
ative bacteria. This finding provides a rationale for an assign-
ment of plant antimicrobials and suggests that plants produc-
ing these compounds might have evolved means of delivering
them into the cells of pathogens.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains used in this
study are listed in Table 1. Cells were cultured in Mueller-Hinton broth with
aeration at 37 or 30°C.

Antimicrobials. Asarinin, esculetin, bisnorargemonine, and 13-hydroxylupa-
nine were from F. R. Stermitz’s collection. Coumestrol was purchased from
Indofine Chemical Co. (Somerville, N.J.). MCyy7,,o Was from Microcide Phar-
maceuticals Inc. INF,,, was kindly provided by Influx Inc. (Chicago, IIl.). Rhein,
plumbagin, pyrithione, resveratrol, gossypol, berberine, erythromycin, and tetra-
cycline were purchased from Sigma Chemical Co. (St. Louis, Mo.)

Determination of antimicrobial susceptibility. Cells (10°/ml) were inoculated
into Mueller-Hinton broth and dispensed at 0.2 ml/well in 96-well microtiter
plates. MICs were determined in triplicate by serial twofold dilution of test
compounds, following the recommendations of the National Committee for
Clinical Laboratory Standards. The MIC was defined as the concentration of an
antimicrobial that completely inhibited cell growth during (i) an 18-h incubation
at 37°C or (ii) a 24-h incubation at 30°C. Growth was assayed with a microtiter
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TABLE 1. Bacterial strains

Strain Genotype Reference
Oor source
Staphylococcus aureus 8325-4 WwT* 22
S. aureus 1758 S. aureus norA 22
Escherichia coli K-12 WT Wild type
E. coli KLE701 E. coli tolC::tet K. Lewis
Pseudomonas aeruginosa PA767 WT 29

P. aeruginosa K1119 PAO1 AmexAB-oprM 29

Salmonella enterica serovar Typhi- ~ WT F. Ausubel
murium ST329
P. syringae pv. maculicola ES4326 WT F. Ausubel
Xanthomonas campestris XCC528 WT F. Ausubel
Agrobacterium tumefaciens GV3101 ~ WT F. Ausubel
Erwinia rhapontici Erl WT F. Ausubel
E. carotovora ATCC 358 WT F. Ausubel
Sinorhizobium meliloti Rm1021 WwT F. Ausubel
Bacillus megaterium 11561 WwT M. Cannon

“WT, wild type.

plate reader (Spectramax PLUS384; Molecular Devices) by monitoring the ab-
sorption at 600 nm.

Determination of berberine uptake. Determination of berberine uptake was
performed essentially as described in our previous study (45). Cells were cultured
with aeration at 30°C to an optical density at 600 nm (ODy) of 1.8, pelleted, and
washed twice with 20 mM HEPES-NaOH (pH 7.0) buffer. The cells were then
resuspended to an ODg, of 0.3 in 1 ml of HEPES buffer containing 10 pM
glucose, followed by incubation at 37 or 30°C for 1 h. The cells were centrifuged,
washed, and resuspended at an ODyg, of 0.15 in HEPES buffer. Assays were
performed in 96-well flat-bottom black plates (Costar) in a final volume of 200
pl. Berberine was added at 30 pg/ml, and fluorescence was measured with a
Spectramax Geminis spectrofluorometer (Molecular Devices) at a 355-nm exci-
tation wavelength and a 517-nm emission wavelength.

RESULTS

We chose a representative panel of diverse plant antimicro-
bials (Table 2) and tested their activities against a set of mi-
croorganisms. The aim of the experiments was to compare the
activities of the antimicrobials against gram-positive bacteria
versus those against gram-negative bacteria and to learn
whether MDRs were responsible for resistance to the antimi-
crobial compounds.

Many plant antimicrobials have been reported only once or
by a single research group and are not easily accessible. We
therefore assembled a panel mainly from commercially avail-
able compounds for this study (Table 2). This panel included
known phytoalexins, phytoanticipins, and also plant secondary
metabolites that have been shown to have little or no antimi-
crobial activity. For purposes of comparison, we also included
conventional antibiotics (tetracycline and erythromycin).

Antimicrobial action against gram-positive bacteria. Several
plant compounds had fairly high levels of activity against Ba-
cillus megaterium, a plant pathogen, and S. aureus, an impor-
tant human pathogen (Table 3). The MICs of pyrithione, gos-
sypol, plumbagin, and rhein were in the range of 0.6 to 4 pwg/ml.
Resveratrol (a known antiyeast compound) and berberine had
low levels of activity against gram-positive species (MIC range,
30 to 250 pg/ml). A mutant S. aureus isolate lacking the NorA
MDR had a considerably higher level of susceptibility to ber-
berine (MIC, 3.25 pg/ml) compared to that of the wild type
(MIC, 250 wg/ml). This is in agreement with our previous
results (18, 45). NorA belongs to the major facilitator family of
transporters that represent the main types of MDRs in gram-



VoL. 46, 2002 POTENTIAL ACTVITY OF PLANT ANTIMICROBIALS 3135

TABLE 2. Compounds used in this study”

Structure Source Activity Reference(s)
OH I.
O‘O Rheum officinalis G+, G—, yeast 7,8, 15
COOH
o]
Rhein
O
_oH
O‘ Plumbago sp. G+, G—, yeast 8,9
[¢]
Plumbagin
l \
N TSH Polyalthia nemoralis (Annonaceae) G+, G—, yeast 14, 23, 38
o]

Vinis vinifera (grape) Phytoalexin, antifungal 10, 12

Gossypum sp. (cotton seed) Phytoalexin, antifungal 21

Glycine max (soybean) Phytoalexin, antifungal 2,35

Berberis sp. (Oregon grape), Papaveraceae G+ 1, 6, 19, 34, 46, 48

Berberine

Hi
Z:@(i Zanthoxylum williamsii (Rutaceae) G+, G- 11
O "0

Esculetin

sy

Z. williamsii (Rutaceae) 43

Asarinin

MeQ OMe
O@O Argemone sp. (prickly poppy) 4

N
Q"‘/j’/O\OH Lupinus sp. (lupine) 17
o}

13-Hydroxylupanine

Continued on following page
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TABLE 2—Continued

Structure Source Activity Reference(s)
Saccharopolyspora erythraea, Streptomyces erythraeus G+, few G— 24
Streptomyces aureofaciens G+, G—, yeast 5
© Tetracycline
i o)
H
L i 90
HoN v N
o :\LH Synthetic MDR inhibitor, MF MDRs 39
NH
N NH
MCZO7HD
H
o
HN Synthetic MDR inhibitor, RND MDRs k)

MeO :

INF274

“ Abbreviations: Me, methoxy; G+, gram-positive bacteria; G—, gram-negative bacteria.

positive bacteria (27). These MDRs are believed to extrude
primarily amphipathic cations (like berberine) in gram-positive
bacteria (18, 26). The norA mutation had little effect on the
activities of the other plant antimicrobials tested with the ex-
ception of pyrithione, which forms a positively charged zinc
complex.

In addition, antimicrobials were tested in the presence of
well-characterized MDR inhibitors. INF,, is a neutral inhib-
itor of MF MDRs (32), and MC,,, is an effective inhibitor
of RND MDRs of gram-negative species (39). Unexpectedly,
both INF,,, and MC,,,, significantly potentiated the actions
of most antimicrobials in the panel against B. megaterium and
S. aureus. The presence of other, unidentified MDRs (22) is
likely responsible for this potentiation. Resveratrol and cou-
mestrol showed little direct activity, and the MDR inhibitors
caused little potentiation of activity by these antimicrobials.
Gossypol presented an interesting anomaly: the activity of
this antimicrobial decreased about 10-fold in the presence of
INF,,, in the wild type, and a 4-fold decrease in activity was
observed in the norA strain.

Antimicrobial action against gram-negative species. We be-
gan the analysis with rhein, a fairly well characterized antimi-
crobial of rhubarb reported to have activity against bacteria
and yeast (7, 8, 15). The main pathogen of rhubarb, however,

is a gram-negative organism, Erwinia rhapontici (16), but we
were unable to find data in the literature discussing the action
of rhein against this bacterium. Rhein was fairly ineffective
against E. rhapontici (MIC, 100 pg/ml) (Table 3). The MDR
inhibitor MC,,,,, significantly potentiated the action of rhein,
decreasing the MIC to 6.25 pg/ml. MDRs of this bacterium
have not been reported at the time of this writing. However, all
gram-negative species tested (or sequenced) so far have RND
MDRs that are the target of MC,y;q, (27). INF,,, had a
minor effect on the activity of rhein. This experiment shows
that rhein is potentially a very effective antimicrobial against
the major pathogen of rhubarb, and the plant would clearly
benefit from disabling of the efflux resistance mechanism of its
pathogen. It is possible that the potential activity of rhein
against gram-negative bacteria is even greater than that sug-
gested by our experiments, since we do not know whether
MC,,1,0 completely inhibits efflux in E. rhapontici.

Rhein was ineffective against Escherichia coli (MIC, 500
pg/ml). The TolC porin is a component of E. coli transen-
velope MDRs (27, 49), and the rhein MIC for a tolC mutant
was 4 pg/ml. Addition of MC,y;,, and INF,,, further in-
creased the activity of rhein (MIC, 0.25 pg/ml). This striking
2,000-fold increase in activity demonstrates the potential of
rhein as an effective antimicrobial against gram-negative bac-
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TABLE 3. Susceptibility of bacteria to plant antimicrobials
MIC (ug/ml)
Antimicrobial N S. enterica
and addition” S. aureus S. aureus B. mega- E coli E. coli P'[.Z;;-Z_ P'i::;:;_ serovar  P. syrin- X. cam- A. tume- E. rha- E. caro- S. meli-
’ norA terium* ’ tolC ‘%; AO1 ie AB Typhi— gae pestris®  facians®  pontici  tovora® loti®
murium
Resveratrol 125 250 250 500 125 1000 500 500 500 250 500 500 250 125
MCsy7110 125 250 125 125 0.49 62.5 31.25 3.91 31.25 7.81 125 62.5 1.95 15.62
INF,,, 62.5 62.5 62.5 250 0.49 250 250 250 250 125 125 125 62.5 62.5
MCy7119 + INF,py 62.5 62.5 31.25 31.25 0.24 62.5 31.25 3.91 15.6 7.81 62.5 31.25 0.98 391
Gossypol 3.12 1.95 391 250 125 1000 500 500 31.25 125 250 500 250 391
MCs7110 312 1.95 3.91 62.5 7.81 250 250 125 31.25 7.81 125 15.65 125 0.98
INF,,, 32 7.81 15.65 250 62.5 500 500 500 3125 625 125 125 125 0.98
MCy7119 + INF,yy 6.25 6.25 7.81 3125 31.25 250 250 625 15.75 3.12 62.5 62.5 62.5 0.98
Coumestrol 250 250 250 500 1.95 1000 500 500 500 250 500 250 250 250
MCy7110 250 250 250 62.5 1.95 500 62.5 62.5 250 125 125 250 15.62 125
INF,,, 125 250 250 250 31.25 500 250 250 250 250 250 250 62.5 62.5
MCy7119 + INFyyy 62.5 62.5 125 31.25 0.92 500 3.91 62.5 62.5 125 125 125 15.62 125
Rhein 4 4 4 500 4 >500 500 100 64 100 100 100 100 64
MCsy7110 2 0.62 2 6.25 0.5 250 125 20 1.25 1.25 50 6.25 6.25 6.25
INF,,, 0.62 0.62 0.98 100 2 250 500 20 2.5 2.5 50 50 50 16
MCy7119 + INF,py 0.31 0.31 0.49 0.62 0.25 5 6.25 5 0.62 0.62 5 3.12 3.12 3.12
Plumbagin 0.78 0.31 2 100 2 >500 >500 100 2 25 12.5 32 12.5 3.25
MCy7110 0.31 0.31 0.5 5 0.78 31.25 31.25 10 0.39 0.39 1.56 32 0.78 0.39
Foo 0.31 0.31 0.25 50 2 250 250 50 0.78 12 6.25 6.25 3.12 1.56
MCy7119 + INF,yy 0.15 0.15 0.25 2.5 0.19 31.25 31.25 2.5 0.19 0.39 0.78 0.78 0.39 0.19
Pyrithione 0.62 0.16 0.98 2 2 8 4 2 0.25 0.25 2 2 2 64
MCyy7110 0.16 0.08 0.24 0.16 0.08 1.25 0.62 0.62 0.16 0.08 0.16 0.32 0.16 5
Fon 0.16 0.08 0.49 1 1 2.5 2 2 0.25 0.16 0.64 2 1 32
MCy7119 + INF,yy 0.08 0.04 0.24 0.04 0.04 0.62 0.62 0.25 0.04 0.08 0.08 0.08 0.08 1.25
Berberine 250 325 125 >1,000 62.5 1,000 500 1000 100 100 200 200 200 200
MCsy7110 31.25 1.62 125 250 62.5 500 500 250 25 50 100 100 50 0.9
271 1.95 0.98 0.98 500 31.25 500 500 500 50 50 100 100 50 100
MCy7119 + INF,py 1.95 0.39 0.98 15.6 6.25 500 500 1.9 7.8 25 100 50 0.9 0.9
Esculetin 31.25 15.62 250 1,000 62.5 >1,000  >1,000 1,000 500 500 500 500 500 500
MCy7110 31.25 15.62 250 250 15.62 500 500 250 125 125 250 125 125 125
INF,,, 15.62 15.62 250 500 31.25 500 500 500 250 250 250 250 250 250
MCy7119 + INF,yy 15.62 391 250 250 15.62 500 500 125 31.25  31.25 31.25 62.5 31.25 31.25
Asarinin 62.5 31.25 250 >1,000 62.5 >1,000 >500 1000 500 500 500 500 500 500
MCsy7110 31.25 15.62 250 250 15.62 500 500 250 125 125 250 125 125 125
INF,,, 15.62 15.62 250 500 31.25 500 500 500 250 250 250 250 250 250
MCy7119 + INFyypy 15.62 7.81 250 250 15.62 500 500 125 62.5 62.5 31.25 62.5 31.25 62.5
Bisnorargemonine 1,000 1,000 >500 >1,000 1,000  >1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
MCy7110 1,000 1,000 >500 >1,000 1,000  >1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
71 500 500 >500 500 500 1,000 1,000 >500 1,000 1,000 1,000 1,000  >500 >500
MCyy7119 + INF5;;, 500 500 >500 500 500 500 500 500 500 500 500 500  >500 >500
13-Hydroxylupanine 1,000 1,000 >500 >1,000 1,000  >1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
MCsy7110 1,000 1,000 >500 >1,000 1,000  >1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
INF,,, 500 500 >500 >1,000 1,000 1,000 500 500 500 500  >500 1000  >500 >500
MCyy7110 + INF,;; 500 500 >500 500 500 500 500 500 500 500  >500  >500  >500 >500
Tetracycline 2 0.62 12.5 12.5 1.25 250 125 12.5 12.5 12.5 25 3125 150 0.24
MCoo7110 1 0.62 1.56 125  <0.49 62.5 125 1.91 325 325 7.81 7.81 781 ND?
INF,,, 0.24 024 <0.24 12.5 0.62 250 125 12.5 6.25 6.25 12.5 15.62 191 ND
MCyy7119 + INF,,, <024 <024 <024 0.62 <0.49 31.25 12.5 1.9 3.25 3.25 391 391 191 ND
Erythromycin 0.39 0.18 2 125 1.95 250 50 50 6.25 6.25 50 25 50 0.78
MCs7110 0.18 0.18 0.64 3.91 0.39 25 5 1.56 0.19 0.19 1.25 0.39 0.39 0.19
Fo 0.18 0.18 <0.24 31.25 1.95 100 25 50 3.25 3.25 25 12.5 12.5 0.39
MCy7119 + INF,py 0.09 0.09 <0.24 0.18 0.18 12.5 5 1.56 0.09 0.19 0.39 0.09 0.09 0.09

“ MCyy7110 Was added at a final concentration of 20 pg/ml, and INF,,, was added at a final concentration of 10 pg/ml except where stated otherwise. All MIC
determinations were performed in triplicate.
® The final concentration of MCyg7;;0 at 10 pg/ml and the final concentration INF,,; at 5 pg/ml were at least two- to four-fold lower than those inhibiting growth
by these compounds alone.
“MCy07110 at 5 pg/ml and INF,,, at 2.5 pg/ml.
4 ND, not determined.
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teria. Note that MC,,,,, also increased the activity of a con-
ventional antibiotic, erythromycin, against the to/C mutant. It
appears that the presence of MDRs not dependent on TolC
might be responsible for this observation. Rhein was com-
pletely ineffective against the ubiquitous animal and plant
pathogen Pseudomonas aeruginosa, with no MIC detected at
the limit of solubility (>500 pg/ml). This is not surprising,
since P. aeruginosa has a very high level of intrinsic resistance
to virtually all known antimicrobials and antibiotics due to a
combination of a very restrictive outer membrane barrier and
transenvelope MDRs (33). A combination of MC,;;,, and
INF,,, strongly potentiated the activity of rhein, resulting in a
low MIC of 5 pg/ml. Rhein was ineffective against the other
plant pathogens tested, but again, its activity was strongly po-
tentiated either by MC,,,,,, alone or by a combination of
MC,47110 and INF,,,. For example, the rhein MIC for Pseudo-
monas syringae, the broad-host-range plant pathogen, was 64
pg/ml, and in the presence of MDR inhibitors the rhein MIC
was 0.62 pg/ml.

Plumbagin, resveratrol, gossypol, coumestrol, and berberine
all showed similar patterns of activity against gram-negative
species. All were relatively ineffective against most species in
the panel, but the activity of each compound was strongly
potentiated by MDR inhibitors against several of the species.
This suggests that a high level of activity of an antimicrobial
against a given species was achieved when the inhibitors hap-
pened to block the MDRs responsible for efflux of the tested
compound. The actions of these compounds are similar to that
of the model antibiotic erythromycin used in this study for
comparative purposes. Erythromycin has a narrow spectrum of
activity, limited primarily to gram-positive species. It is known
to be effectively extruded by MDRs in gram-negative species.
Disabling of MDRs broadened the spectrum of erythromycin
activity to include all gram-negative species tested. Tetracy-
cline, another common antibiotic tested for comparison, has a
broader spectrum of activity that includes such common gram-
negative pathogens as E. coli and Salmonella enterica serovar
Typhimurium.

Pyrithione was the only plant antimicrobial tested that
showed a high level of direct activity against gram-negative
bacteria (Table 3). This observation confirms previous reports
in the literature (14, 23, 38). Interestingly, the potency of this
antimicrobial was further increased by MDR inhibitors, with
the resulting MIC being as low as 40 ng/ml in several cases.

Resveratrol presented a notable exception: this compound
was relatively ineffective against the gram-positive species B.
megaterium and S. aureus, with little of its activity potentiated
by the MDR inhibitors, but it was very effective against some
gram-negative species in the presence of MDR inhibitors.
Compare the resveratrol MIC for S. aureus of 62.5 pg/ml (with
MC,7110 and INF,,,) versus a resveratrol MIC of 1 wg/ml
(with MC, 7,0 and INF,-,) for E. carotovora or the resveratrol
MIC of 0.24 pg/ml for E. coli tolC. 1t is possible that the
resveratrol target(s) in gram-negative species is more sensitive
to the action of this antimicrobial.

Actions of compounds with uncertain antibacterial action.
Disabling of MDRs may uncover the antimicrobial activities of
compounds that have little or no activity on their own. With
this possibility in mind, we chose a sampling of plant secondary
metabolites for which antibacterial action is weak or absent
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(Table 2). These are asarinin, esculetin, and the basic alkaloids
bisnorargemonine and 13-hydroxylupanine.

Asarinin and esculetin had low levels of activity against B.
megaterium (MIC, 250 pg/ml) and fairly low levels of activity
against S. aureus (MIC range, 30 to 60 pg/ml) (Table 3). Their
activities against all gram-negative bacteria tested were very
low indeed, with MICs in the range of 500 to 1, 000 wg/ml.
However, disabling of the MDRs significantly increased the
levels of activity in some cases. In the presence of MC,y71¢
and INF,,,, the asarinin and esculetin MICs for S. aureus norA
were 7.8 and 3.9 pg/ml, respectively. Activity against gram-
negative bacteria also increased significantly when MDR ac-
tivity was disabled, and the resulting MICs were mostly in the
range of 15 to 60 pg/ml. P. aeruginosa presented a notable
exception: there was virtually no increase in activity against the
mutants lacking the constitutively expressed MexAB-OprM
MDR or in the presence of MDR inhibitors. In general, these
results suggest that asarinin and esculetin are plant antimicro-
bial compounds.

Bisnorargemonine and 13-hydroxylupanine had virtually no
activity against the panel of bacteria tested, and the use of
mutants lacking MDRs or MDR inhibitors had no effect.

Disabling of MDRs leads to accumulation of a model plant
antimicrobial. The accumulation of berberine was used to di-
rectly measure the possible effects of MDR inhibitors. This was
especially important for the bacterial species used in this study
for which MDRs have not yet been identified. Berberine is a
useful model plant antimicrobial whose accumulation in mi-
crobial cells can be conveniently monitored by measuring the
fluorescence of berberine bound to DNA (45). In this regard,
berberine behaves analogously to ethidium bromide.

In previous studies, we found that both INF,,, and the plant
MDR inhibitor 5'-MHC-D strongly increased the rate of pen-
etration and the level of accumulation of berberine in S. aureus
cells (45). This experiment described the nature of synergy
between berberine and 5'-MHC-D produced by the same Ber-
beris plants. Similarly, the effects of INF,,; and MC,4,;;, on
berberine accumulation in gram-negative bacteria were exam-
ined in this study (Fig. 1). Several species for which suscepti-
bility data indicated a distinct potentiating effect of MDR
inhibitors were chosen for this experiment: S. enterica serovar
Typhimurium, P. syringae, Xanthomonas campestris, Erwinia
carotovora, and Sinorhizobium meliloti. The results show that
for the species examined, either MC,;;,, or INF,,;, or both,
strongly increased the rate of accumulation of berberine in the
cells (Fig. 1), consistent with the strong potentiation by MDR
inhibitors of growth inhibition by berberine. This experiment
suggests that for the other antimicrobials tested, MDR inhib-
itors similarly exerted their potentiating action through inhibi-
tion of MDRs.

DISCUSSION

A vast majority of small-molecule plant antimicrobials are
agents with weak or narrow-spectrum activities, while bacteria,
yeast, and fungi produce antibiotics that both are often effec-
tive and have broad spectra of activity. The nature of this
disparity is puzzling. One radical possibility is that plant “an-
timicrobials” actually have other functions in the plant and
their low level of antimicrobial activity is accidental and largely
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irrelevant. An even more extreme opinion, not uncommon and
stemming from the same puzzle, is that plants happen to make
many secondary metabolites for no good reason, and some of
them will inevitably have antimicrobial properties, very much
like random substances from a library of synthetic compounds.
Our recent work with berberine, a cationic alkaloid, offered a
possible explanation for the apparent ineffectiveness of plant
antimicrobials (45, 46). Berberine is a weak antimicrobial pro-
duced by a wide variety of plant species. It is an amphipathic
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FIG. 1. Accumulation of berberine by gram-negative bacteria. The
uptake of berberine with no addition (O) or with the addition of
MCy7110 (O), INFy7y (A), or MCogsy10 plus INFy7; (O) by cells of S.
typhimurium (A), P. syringae (B), X. campestris (C), E. carotovora
(D) and S. meliloti (E) was measured by determination of the increase
in fluorescence following binding to DNA and is expressed as relative
fluorescence units (RFU). Berberine was present at a concentration of
30 pg/ml, and MC,y;,;, and INF,;; were added at the same final
concentrations used for the MIC determinations.

cation that resembles quaternary ammonium antiseptics in its
chemical properties and possibly in its mechanism of action as
well. The likely targets of berberine are the cytoplasmic mem-
brane and DNA, into which it intercalates (20). Amphipathic
cations are the preferred substrates of most MDRs (26), and
we reasoned that the low level of activity of berberine might
result from effective efflux. We found this to be true with a
model bacterial pathogen, S. aureus: both disruption of the
main MDR (NorA) and application of an MDR inhibitor
strongly potentiated the antimicrobial action of berberine (18).
Next, we wondered whether plants producing berberine have
also evolved an MDR inhibitor to disable the resistance mech-
anism of bacteria. We found that Berberis plants produce 5'-
MHC-D, which completely blocked NorA and acted in synergy
with berberine (45, 46). In the absence of efflux, berberine, a
hydrophobic cation, accumulates in the cells of microbial
pathogens, and the accumulation is driven by the membrane
potential (41). Active accumulation in the pathogen is an at-
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tractive property for an antimicrobial, and berberine inspired
the design of a cationic polymer with a “sterile” surface (47)
that is not subject to MDR-dependent resistance (30).

The finding of natural synergy between berberine and an
MDR inhibitor leads to a general possibility that plant antimi-
crobials are potentially effective, with the apparent in vitro
weakness resulting from MDR-dependent efflux. This hypoth-
esis was tested in the present study.

Testing of known plant antimicrobials with a representative
panel of bacteria, including gram-positive and gram-negative
human and plant pathogens, showed that mutations in MDRs
or application of MDR inhibitors dramatically increased their
levels of activity. The weakness of antimicrobials is primarily
their lack of activity against the major plant pathogens, gram-
negative bacteria. Interestingly, the most striking increase in
activity observed in this study was against gram-negative bac-
teria. For example, rhein, a well-characterized antimicrobial
isolated from rhubarb, had an MIC of 100 pg/ml for E. rhapon-
tici, the primary pathogen of rhubarb. Application of MDR
inhibitors increased the activity of rhein 30-fold. Rhein showed
no activity whatsoever against P. aeruginosa (MIC, >500 g/
ml, which was above the limit of solubility), but its activity in
the presence of MDR inhibitors was significant, with an MIC
of 5 pg/ml. Berberine had no activity against S. enterica serovar
Typhimurium (MIC, >1,000 wg/ml), but its activity was poten-
tiated more than 500-fold by MDR inhibitors. This survey
shows that plant antimicrobials are potentially as effective as
conventional antibiotics produced by bacteria and fungi if they
are delivered into the pathogen cell. Do plants have MDR
inhibitors that act in synergy with antimicrobials against gram-
negative bacteria? This remains an intriguing question that we
are examining.

The marked increases in the levels of activity of plant anti-
microbials observed in this study suggest a rational approach to
a functional assignment for these compounds. One can now
take any plant secondary metabolite and learn whether the
substance is a potential antimicrobial by testing it in the pres-
ence of MDR inhibitors. We performed such a test, selecting
compounds with uncertain or unknown antibacterial activities.
Of the four compounds chosen, asarinin and esculetin showed
very little if any activity against gram-negative species (MICs,
=500 pg/ml), but their activities were strongly potentiated by
MDR inhibitors, resulting in reasonable activity (MICs, 15 to
60 pg/ml). Asarinin and esculetin are therefore likely plant
antimicrobials. Bisnorargemonine and 13-hydroxylupanine had
virtually no antibacterial activity, and disabling of the MDRs
had no effect. This suggests that the two compounds are not
antibacterials. Based on our data, the approach described in
this paper provides a straightforward means of functional as-
signment for antimicrobials. We have focused on bacteria in
this study, but it will be necessary to complete similar experi-
ments with wild-type and MDR-deficient yeast strains to prop-
erly designate a plant compound as an antimicrobial.

The approach described here might be useful in elucidating
some puzzling observations regarding the apparent lack of
in vitro activity of putative phytoalexins. Indirect evidence
strongly suggests that RmrAB and LfeAB MDRs play an im-
portant role in protection of R. etli and A. tumefaciens, respec-
tively, from plant phytoalexins. However, in vitro susceptibility
tests showed that these MDRs play little if any role in resis-
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tance. Specifically, there was no difference in susceptibility to
coumestrol between the wild type and the /[feAB mutant of A.
tumefaciens. Our experiments with coumestrol show that it
indeed has very little activity against A. tumefaciens (MIC,
500 wg/ml) or other bacteria (MICs, 250 to 500 wg/ml). In the
presence of the MDR inhibitors INF,,; and MC,y;,,¢, the
MIC of coumestrol for A. tumefaciens decreased to 125 pg/ml,
which is still fairly high. However, for some species we ob-
served a dramatic increase in coumestrol activity. For example,
INF,,, and MC,,,,, increased the activity of coumestrol 500-
fold against E. coli tolC and 300-fold against P. aeruginosa
mexAB-oprM. This shows that coumestrol is potentially a very
effective antibacterial compound and that its activity depends
on accessibility to the cell. It seems possible that several MDRs
protect A. tumefaciens from coumestrol, and disabling of only
one of them has little effect. It would be interesting to retest
the activity of coumestrol against an A. tumefaciens lfeAB strain
in the presence of MDR inhibitors. Similar logic may be ap-
plied to elucidate the role of RmrAB in the phytoalexin resis-
tance of R. etli.

Apart from the interesting basic science question regarding
the function of plant secondary metabolites, there is an urgent
need to develop new antibiotics (25, 28). This need results
from the rapid rise of multidrug-resistant pathogens such as S.
aureus, Enterococcus faecalis, P. aeruginosa, and many others.
Plant antimicrobials have not been used as systemic antibiotics
so far. Those rare plant antimicrobials that are effective and
that have broad-spectrum activities, like pyrithione of Poly-
althea nemoralis (14) (known better to us as an antiseptic
discovered independently by chemists and a compound in
Head and Shoulders shampoo), are fairly toxic antiseptics.
Those that do not have high levels of toxicity are ineffective or
highly specific. Our finding of considerable potentiation of the
activities of plant antimicrobials by MDR inhibitors opens the
possibility for the development of combination therapy. For
example, rhein becomes an effective broad-spectrum antibiotic
in the presence of MDR inhibitors, and it is approved for
systemic use for the treatment of osteoarthritis (administered
as a prodrug, diacerein [42]).

Another useful application stemming from knowledge of
MDR-based resistance is in drug discovery, including the find-
ing of new plant antimicrobials. We proposed some time ago
that target microorganisms lacking MDRs can be used for
highly sensitive drug screening (18), and this method is used in
the industry (for example, see http://www.phytera.com/Press
/012301.htm).

It seems that efflux by MDRs does provide a satisfactory
explanation for the apparent ineffectiveness of many plant
antimicrobials in vitro. This leads us to the next interesting
puzzle: why have plants not evolved self-sufficient broad-spec-
trum antibiotics like tetracycline or aminoglycosides that are
not easily extruded by MDRs of pathogens?
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