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Burkholderia species are highly resistance to antibiotics (Mahenthiralingam et al., 

2005, Drevinek & Mahenthiralingam, 2010) especially thanks to the cooperation 

between the outer membrane barrier and the expression of efflux systems. In 

particular those belonging to RND superfamily are mainly responsible for the 

intrinsic drug resistance of Gram-negative bacteria (Li & Nikaido, 2004, Murakami 

& Yamaguchi, 2003).  

RND proteins have been extensively studied in many organisms, mainly in E. coli 

and P. aeruginosa. Much less information are available on RND proteins in the 

Burkholderia genus. In 2010 , in our laboratory, an in silico analysis of RND proteins 

belonging to HAE-1 and HME families in 21 completely sequenced Burkholderia 

genomes allowed to determine the presence and distribution of these transporters 

(Perrin et al., 2010). Some of these proteins have been experimentally 

characterized in recent years mostly in B. pseudomallei and in B. cenocepacia 

species. 

In B. pseudomallei 10 operons that may encode for RND efflux pump components 

were identified (Holden et al., 2004, Kumar et al., 2008, Perrin et al., 2010) (Figure 

12). Only three of these systems have been characterized in detail, AmrAB–OprA, 

BpeAB–OprB  and BpeEF–OprC (Schweizer, 2012).  

Regarding Bcc species, RND proteins have been studied mainly in B. cenocepacia 

J2315 strain. In its genome 16 genes encoding putative RND proteins (belonging to 

HAE-1 and HME families) have been identified and named RND-1 to RND-16, and 

most of them belonging to a tri-cistronic operon embedding also genes coding for 

MFP and OMP proteins (Holden et al., 2009, Guglierame et al., 2006, Buroni et al., 

2009, Perrin et al., 2010) 

Five of them, that is the RND1 (BCAS0591-BCAS0593), RND2 (BCAS0764-

BCAS0766), RND3 (BCAL1674-BCAL1676), RND-4 (BCAL2820-BCAL2822) and ceo 

(RND-10, BCAM2549-BCAM2551) operons, all belonging to HAE-1 family, have 

been experimentally characterized (Burns et al., 1989, Burns et al., 1996, Nair et al., 



79 

 

2004, Nair et al., 2005, Guglierame et al., 2006, Buroni et al., 2009). Also HpnN 

transporters were identified and characterized in B. cenocepacia and in B. 

multivorans where they are involved in antibiotics resistance (Schmerk et al., 2011, 

Malott et al., 2012). 

The characterization of RND proteins in the Burkholderia genus performed during 

this PhD, involved the use of two different approaches, an in silico one and a wet-

lab one. In addition some natural extract were tested both on the 18 Bcc type 

strains and on some RND operons deletion mutants, in order to find new 

antimicrobial compounds or efflux pumps inhibitors (Figure 14). 

 

Search of RND proteins in 
completely sequenced
Burkholderia genomes

Identification of highly
conserved RND proteins

Experimental
characterization of

conserved RND proteins

RND_4 operon:
• Transcriptomic
•Proteomic
•Phenomic
•Cloning and iperexpression

SecDF operon:
•Deletion
•Cloning and 
iperexpression
• Secretomic analysis

Susceptibility of 18 Bcc type
strain to essential oils

Susceptibility of RND 
deletion mutant to essential

oil 

1) In silico analysis

2) Wet-lab analysis

3) Search of new natural antimicrobials

 

Figure 14: Experimental strategy of the characterization of RND proteins in the Burkholderia 

genus  

 

Regarding the in silico approach, the analysis of all the eight RND families in 26 

completely sequenced Burkholderia genomes was performed (Perrin et al., 2013). 
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A total of 417 putative RND sequences were identified and analyzed at different 

levels, using different bioinformatics tools that allowed the assignment of a 

putative function to the majority of them. In particular, 232 sequences have been 

assigned to the HAE‑1 family, involved in antibiotic resistance, 37 sequences were 

affiliated to the HME family (heavy-metal-efflux), and 39 sequences fell in a cluster 

probably representing a new and not yet characterized RND family (UF). 

One copy of highly conserved secD and secF as well as the putative hopanoid 

transporter HpnN was detected in all the 26 Burkholderia genomes. The hnpN gene 

was always associated with the SHC gene that is essential for hopanoid 

biosynthesis (Schmerk et al., 2011). A group of putative APPE proteins was 

identified and only 24 sequences (divided into four different clusters, 27, 30, 31 

and 32) were not assigned to any RND family. Indeed, although they retain the 

characteristic structure of the RND proteins, it has not been possible to obtain any 

information regarding their function. 

A core of RND proteins conserved in all genomes analyzed was identified: at least 

one copy of the genes belonging to the HAE‑1 and SecDF families and to HpnN 

transporters is present in all the genomes analyzed. 

On the basis of these analysis and of the data obtained in the previous work (Perrin 

et al., 2010), some highly conserved RND proteins in the Burkholderia species were 

further characterized from an experimental viewpoint . Indeed, their high degree of 

conservation suggests that they could play a key role in these microorganisms. In 

particular two operons were chosen to a further characterization in the model 

systems B.cenocepacia J2315: the RND-4 operon, since it is one of the most 

conserved of those belonging to HAE-1 family (Perrin et al., 2010) and seems to be 

involved multi-drug resistance (Buroni et al., 2009), and the SecDF operon, for its 

high conservation (Perrin et al., 2013) and because it has been demonstrated in 

other bacteria that these proteins complex is involved in antibiotics resistance and 
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secretion of virulence factors (Quiblier et al., 2011, Quiblier et al., 2013, Burg-

Golani et al., 2013). 

A B. cenocepacia J2315 mutant strain impaired in RND-4 efflux system, referred to 

asD4 (ΔBCAL2820-BCAL2822), was obtained in the laboratory of Prof. Giovanna 

Riccardi at the University of Pavia (Buroni et al., 2009) and was characterized from 

a transcriptomic, phenomic and proteomic viewpoint (Bazzini et al., 2011, Gamberi 

et al., 2013).  

Phenomic and transcriptomic analyses were performed on D4 mutant and on two 

others RND mutants. The first was a B cenocepacia J2315 mutant strain impaired in 

RND-9 operon, called D9 (ΔBCAM1945-BCAM1948, where also the associated MerR 

transcriptional regulator, encoded by BCAM1948 gene, was deleted), which was 

chosen because BCAM1947 gene was found to be over -expressed in the sputum of 

CF patients (Drevinek et al., 2008). The second strain is a double mutant impaired 

in both RND4 e RND9 operons, called D4-D9 (Bazzini et al., 2011).  

For the phenomic analysis the Phenotype MicroArray (PM) procedure was used 

(Bochner et al., 2001, Bochner et al., 2008). PM is a technology allowing to 

quantitatively measure thousands of cellular phenotypes all at once. Ten different 

panels (PM11-PM20) that enable chemical sensitivity test for bacteria were 

analyzed. Data obtained revealed that RND-4 is involved in the extrusion of a wide 

variety of toxic compounds, in agreement with antimicrobial susceptibilities of the 

mutant previous determined (Buroni et al., 2009), and similar results were 

obtained also for the double mutant D4-D9. Conversely, D9 strain showed a 

phenotype very similar to the wild type (w.t.) strain J2315. This could be due to the 

fact that in D9 mutant the RND-9 function could be replaced by other efflux 

systems, alternatively, the RND-9 might be involved in the efflux of molecules 

under different physiological conditions than those utilized in this work.  

Also microarray analysis confirmed a similarity between D4 and D4-D9 mutants. 

Indeed, these two strains exhibit a similar expression profile; in particular motility 
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and chemotaxis-related genes appear to be up-regulated in both , while the same 

genes are down-regulated or not differentially expressed in D9 mutant. Data from 

microarray were in agreement with those coming from the motility assays, in which 

the D4 and the D4-D9 double mutant showed enhanced swimming motility in 

respect to the wt, in contrast with mutant D9 where this phenomenon is reduced. 

Moreover, D4 has 12 more up-regulated genes involved in motility than D4-D9; this 

might explain way this mutant is more mobile than the double mutant. It seems 

that D9 mutation is able to partially suppress the effects of the D4 mutation, at 

least for what concerns swimming.  

Regarding chemotaxis, despite the differences observed in the microarray analysis, 

the three mutants showed the same phenotype under our experimental 

conditions, but it is possible that differences might be appreciated by the use of 

specific attractant or repellent molecules.  

All the three mutants showed also an enhanced biofilm production, despite no 

genes obviously involved in biofilm formation were identified among those having 

the same expression pattern in the three microarray experiments.  

Overall, data obtained in this work strongly suggest that the biological role of RND 

proteins might not be restricted to the sole transport of toxic compounds. 

These results are in agreement with data obtained from proteomic analysis 

performed on D4 mutant that suggest that the effect of this deletion is not 

"narrowed" to extrusion of toxic compounds (Gamberi et al., 2013). In particular, 

the intracellular proteome of the deletion mutant was compared with that of the 

wt B. cenocepacia J2315 using two-dimensional electrophoresis and 49 of the 70 

differentially expressed proteins were identified by mass spectrometry. The 

amount of some proteins involved in amino acid transport and metabolism, 

translation and nucleotide synthesis are lower in D4 mutant suggesting a decreased 

protein and DNA synthesis in this strain. Moreover, the level of four proteins 
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involved in peptidoglycan biosynthesis are also down-regulated and these data may 

reflect an alteration in plasma membrane permeability and cell wall composition.  

Among the up-regulated proteins in mutant D4, proteins involved in post-

translational modification, protein turnover or chaperones were identified. The 

higher content of these proteins is consistent with the presence of environmental 

stresses in the mutant strain. All the changes observed could be the consequence 

of the stress condition connected to the loss of the RND-4 operon or they could be 

linked to the physiological role of these proteins.  

To further characterize RND-4 operon, its cloning is in progress, with two main 

purpose. The first is the complementation of deletion in mutant D4 to verify that 

the observed phenotypes are really due to the deletion of these operon. The 

second is to evaluate the effect of RND-4 operon iper-expression, since for example 

it has been demonstrated that the over-expression of AcrB can be toxic for E.coli 

(Ma et al., 1993). In addition to this, we want also verify if other RND operons, 

under stress conditions, can activate and compensate for the lack of RND-4. To do 

this also the cloning of RND-2 operon is in progress. The latter operon was chosen 

because it is present only in few Bcc species and its genes have a high degree of 

sequence similarity with RND-4 operon (Perrin et al., 2010). 

However, Burkholderia species are not readily tractable genetically, and only very 

few tools and limited numbers of selection markers are available for their genetic 

manipulation (Flannagan et al., 2008). In addition to this the large size of RND 

operons make them even more difficult to clone. Therefore, it was necessary to 

develop a two-step/two fragment strategy for operon cloning, by cloning 

separately the two halves of the operon that will be re-joined in the final 

expression vector. At the present time, we were able to clone the two halves of 

RND-2 and RND-4 operons in the pGEM-T Easy cloning vector, but the cloning of 

the two fragments in the final expression vector for Burkholderia, pSCrhaB2 

(Cardona & Valvano, 2005), is still in progress. 
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Regarding the SecDF-YajC operon, the presence and conservation of these three 

genes in 156 Burkholderia genomes (both complete and draft) was determined, 

revealing an high degree of conservation.  

Then a deletion mutant impaired in this operon was obtained and also its cloning is 

in progress. Once obtained the mutants strains, various type of analysis will be 

carried out: the susceptibility to different classes of antibiotics, the virulence in a C. 

elegans host model and a secretome analysis to identify virulence factors that 

could be secreted by this operon.  

Regarding the susceptibility of Bcc strains to some essential oils (EOs) they consist 

of a complex blend of volatile and fragrant substances typically synthesized by all 

plant organs as secondary metabolites and extracted by water or steam distillation, 

solvent extraction, expression under pressure, supercritical fluid and subcritical 

water extractions (Bassole & Juliani, 2012). EOs possess antibacterial, antifungal 

and antiviral properties and have been screened worldwide as potential sources of 

novel antimicrobial compounds (Solorzano-Santos & Miranda-Novales, 2012) The 

antimicrobial properties of EOs have been reported in several studies and the 

mechanisms by which they can inhibit microorganisms involve different modes of 

action, and in part may be due to their hydrophobicity. It is likely that it will be 

more difficult for bacteria to develop resistance to the multi-component EOs than 

to common antibiotics that are often composed of only a single molecular entity 

(Solorzano-Santos & Miranda-Novales, 2012). Moreover, over the past few years, 

several natural compounds acting as efflux pump inhibitors have been investigated 

(Webber & Piddock, 2003, Jodoin et al., 2002, Lorenzi et al., 2009, Stavri et al., 

2007, Stermitz et al., 2000). Some of them able to restore the activity of usual 

antibiotics on resistant clinical bacteria isolated during therapeutic treatment (Fadli 

et al., 2011).  

In our work six different essential oils (Eugenia caryophyllata, Origanum vulgare, 

Rosmarinus officinalis, Lavandula officinalis, Melaleuca alternifolia and Thymus 
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vulgaris) were tested vs the 18 type strains of the known Bcc species  (Maida et al. 

manuscript in preparation)  

The composition of the six EOs was quite different but, in spite of this, all of them 

exhibited an inhibitory activity vs all the 18 Bcc strains, suggesting that one 

compound, or more likely more than one compounds (see below) present in each 

essential oil possessed might interfere with the Bcc cell growth. However, the six 

essential oils showed a different inhibitory activity and, according to Ponce et al 

(2003) (Ponce et al., 2003) they might be split into two different clusters; the first 

one includes Thymus vulgaris, Origanum vulgare and Eugenia caryophyllata, 

whereas the other one embeds Rosmarinus officinalis, Maleuca alternifolia and 

Lavandula officinalis. Indeed, Bcc strains were extremely sensitive to the EOs 

belonging to the first group and just sensitive to the other three. 

However, all of them are able to inhibit the growth of Bcc strains; particularly 

interesting and intriguing is the finding that the inhibitory halos produced by most 

of EOs are (much more) larger than that produced by ciprofloxacin, one of the 

antibiotics used in CF infections therapy.  

The preliminary data reported in this work are particularly encouraging, since they 

demonstrate that the use of Essential Oils might represent an alternative way to 

fight Bcc growth.  

To further investigate the mechanisms of EOs activity against Bcc species, the same 

6 essential oils were tested vs 6 RND operons deletion mutants, a double and a 

triple mutants. Preliminary results obtained, showed that some of these operons 

are involved in the transport of some of the sub-components of the essential oils 

used. The characterization of other RND operons deletion mutants and the 

evaluation of the ability of these EOs to inhibit the activity of some of these efflux 

pumps is still in progress.  

 

 



86 

 

Bibliography 

Bassole, I. H. & H. R. Juliani, (2012) Essential oils in combination and their 
antimicrobial properties. Molecules 17: 3989-4006. 

Bazzini, S., C. Udine, A. Sass, M. R. Pasca, F. Longo, G. Emiliani, M. Fondi, E. Perrin, 
F. Decorosi, C. Viti, L. Giovannetti, L. Leoni, R. Fani, G. Riccardi, E. 
Mahenthiralingam & S. Buroni, (2011) Deciphering the role of RND efflux 
transporters in Burkholderia cenocepacia. PLoS One 6: e18902. 

Bochner, B. R., P. Gadzinski & E. Panomitros, (2001) Phenotype microarrays for 
high-throughput phenotypic testing and assay of gene function. Genome 
Res 11: 1246-1255. 

Bochner, B. R., L. Giovannetti & C. Viti, (2008) Important discoveries from analysing 
bacterial phenotypes. Mol Microbiol 70: 274-280. 

Burg-Golani, T., Y. Pozniak, L. Rabinovich, N. Sigal, R. Nir Paz & A. A. Herskovits, 
(2013) Membrane Chaperone SecDF Plays a Role in the Secretion of Listeria 
monocytogenes Major Virulence Factors. J Bacteriol 195: 5262-5272. 

Burns, J. L., L. A. Hedin & D. M. Lien, (1989) Chloramphenicol resistance in 
Pseudomonas cepacia because of decreased permeability. Antimicrob 
Agents Chemother 33: 136-141. 

Burns, J. L., C. D. Wadsworth, J. J. Barry & C. P. Goodall, (1996) Nucleotide sequence 
analysis of a gene from Burkholderia (Pseudomonas) cepacia encoding an 
outer membrane lipoprotein involved in multiple antibiotic resistance. 
Antimicrob Agents Chemother 40: 307-313. 

Buroni, S., M. R. Pasca, R. S. Flannagan, S. Bazzini, A. Milano, I. Bertani, V. Venturi, 
M. A. Valvano & G. Riccardi, (2009) Assessment of three Resistance-
Nodulation-Cell Division drug efflux transporters of Burkholderia 
cenocepacia in intrinsic antibiotic resistance. BMC Microbiol 9: 200. 

Cardona, S. T. & M. A. Valvano, (2005) An expression vector containing a 
rhamnose-inducible promoter provides tightly regulated gene expression in 
Burkholderia cenocepacia. Plasmid 54: 219-228. 

Drevinek, P., M. T. Holden, Z. Ge, A. M. Jones, I. Ketchell, R. T. Gill & E. 
Mahenthiralingam, (2008) Gene expression changes linked to antimicrobial 
resistance, oxidative stress, iron depletion and retained motility are 
observed when Burkholderia cenocepacia grows in cystic fibrosis sputum. 
BMC Infect Dis 8: 121. 

Drevinek, P. & E. Mahenthiralingam, (2010) Burkholderia cenocepacia in cystic 
fibrosis: epidemiology and molecular mechanisms of virulence. Clin 
Microbiol Infect 16: 821-830. 

Fadli, M., J. Chevalier, A. Saad, N. E. Mezrioui, L. Hassani & J. M. Pages, (2011) 
Essential oils from Moroccan plants as potential chemosensitisers restoring 
antibiotic activity in resistant Gram-negative bacteria. Int J Antimicrob 
Agents 38: 325-330. 



87 

 

Flannagan, R. S., T. Linn & M. A. Valvano, (2008) A system for the construction of 
targeted unmarked gene deletions in the genus Burkholderia. Environ 
Microbiol 10: 1652-1660. 

Gamberi, T., Rocchiccioli S., Papaleo M. C., Magherini F., Citti L. , Buroni S., Bazzini 
S., Udine C., Perrin E., Modesti A. & F. R., (2013) RND-4 efflux transporter 
gene deletion in Burkholderia cenocepacia J2315: a proteomic analysis. 
Journal of Proteome Science and Computational Biology 2013 2:1 
http://dx.doi.org/10.7243/2050-2273-2-1 

Guglierame, P., M. R. Pasca, E. De Rossi, S. Buroni, P. Arrigo, G. Manina & G. 
Riccardi, (2006) Efflux pump genes of the resistance-nodulation-division 
family in Burkholderia cenocepacia genome. BMC Microbiol 6: 66. 

Holden, M. T., H. M. Seth-Smith, L. C. Crossman, M. Sebaihia, S. D. Bentley, A. M. 
Cerdeno-Tarraga, N. R. Thomson, N. Bason, M. A. Quail, S. Sharp, I. 
Cherevach, C. Churcher, I. Goodhead, H. Hauser, N. Holroyd, K. Mungall, P. 
Scott, D. Walker, B. White, H. Rose, P. Iversen, D. Mil-Homens, E. P. Rocha, 
A. M. Fialho, A. Baldwin, C. Dowson, B. G. Barrell, J. R. Govan, P. 
Vandamme, C. A. Hart, E. Mahenthiralingam & J. Parkhill, (2009) The 
genome of Burkholderia cenocepacia J2315, an epidemic pathogen of cystic 
fibrosis patients. J Bacteriol 191: 261-277. 

Holden, M. T., R. W. Titball, S. J. Peacock, A. M. Cerdeno-Tarraga, T. Atkins, L. C. 
Crossman, T. Pitt, C. Churcher, K. Mungall, S. D. Bentley, M. Sebaihia, N. R. 
Thomson, N. Bason, I. R. Beacham, K. Brooks, K. A. Brown, N. F. Brown, G. L. 
Challis, I. Cherevach, T. Chillingworth, A. Cronin, B. Crossett, P. Davis, D. 
DeShazer, T. Feltwell, A. Fraser, Z. Hance, H. Hauser, S. Holroyd, K. Jagels, K. 
E. Keith, M. Maddison, S. Moule, C. Price, M. A. Quail, E. Rabbinowitsch, K. 
Rutherford, M. Sanders, M. Simmonds, S. Songsivilai, K. Stevens, S. 
Tumapa, M. Vesaratchavest, S. Whitehead, C. Yeats, B. G. Barrell, P. C. 
Oyston & J. Parkhill, (2004) Genomic plasticity of the causative agent of 
melioidosis, Burkholderia pseudomallei. Proc Natl Acad Sci U S A 101: 
14240-14245. 

Jodoin, J., M. Demeule & R. Beliveau, (2002) Inhibition of the multidrug resistance 
P-glycoprotein activity by green tea polyphenols. Biochim Biophys Acta 
1542: 149-159. 

Kumar, A., M. Mayo, L. A. Trunck, A. C. Cheng, B. J. Currie & H. P. Schweizer, (2008) 
Expression of resistance-nodulation-cell-division efflux pumps in commonly 
used Burkholderia pseudomallei strains and clinical isolates from northern 
Australia. Trans R Soc Trop Med Hyg 102 Suppl 1: S145-151. 

Li, X. Z. & H. Nikaido, (2004) Efflux-mediated drug resistance in bacteria. Drugs 64: 
159-204. 

Lorenzi, V., A. Muselli, A. F. Bernardini, L. Berti, J. M. Pages, L. Amaral & J. M. Bolla, 
(2009) Geraniol restores antibiotic activities against multidrug-resistant 



88 

 

isolates from gram-negative species. Antimicrob Agents Chemother 53: 
2209-2211. 

Ma, D., D. N. Cook, M. Alberti, N. G. Pon, H. Nikaido & J. E. Hearst, (1993) Molecular 
cloning and characterization of acrA and acrE genes of Escherichia coli. J 
Bacteriol 175: 6299-6313. 

Mahenthiralingam, E., T. A. Urban & J. B. Goldberg, (2005) The multifarious, 
multireplicon Burkholderia cepacia complex. Nat Rev Microbiol 3: 144-156. 

Malott, R. J., B. R. Steen-Kinnaird, T. D. Lee & D. P. Speert, (2012) Identification of 
hopanoid biosynthesis genes involved in polymyxin resistance in 
Burkholderia multivorans. Antimicrob Agents Chemother 56: 464-471. 

Murakami, S. & A. Yamaguchi, (2003) Multidrug-exporting secondary transporters. 
Curr Opin Struct Biol 13: 443-452. 

Nair, B. M., K. J. Cheung, Jr., A. Griffith & J. L. Burns, (2004) Salicylate induces an 
antibiotic efflux pump in Burkholderia cepacia complex genomovar III (B. 
cenocepacia). J Clin Invest 113: 464-473. 

Nair, B. M., L. A. Joachimiak, S. Chattopadhyay, I. Montano & J. L. Burns, (2005) 
Conservation of a novel protein associated with an antibiotic efflux operon 
in Burkholderia cenocepacia. FEMS Microbiol Lett 245: 337-344. 

Perrin, E., M. Fondi, M. C. Papaleo, I. Maida, S. Buroni, M. R. Pasca, G. Riccardi & R. 
Fani, (2010) Exploring the HME and HAE1 efflux systems in the genus 
Burkholderia. BMC Evol Biol 10: 164. 

Perrin, E., M. Fondi, M. C. Papaleo, I. Maida, G. Emiliani, S. Buroni, M. R. Pasca, G. 
Riccardi & R. Fani, (2013) A census of RND superfamily proteins in the 
Burkholderia genus. Future Microbiol 8: 923-937. 

Ponce, A. G., R. Fritz, C. del Valle & S. I. Rourac, (2003) Antimicrobial activity of 
essential oils on the native microflora of organic Swiss chard. LWT - Food 
Science and Technology 36: 679-684. 

Quiblier, C., K. Seidl, B. Roschitzki, A. S. Zinkernagel, B. Berger-Bachi & M. M. Senn, 
(2013) Secretome analysis defines the major role of SecDF in 
Staphylococcus aureus virulence. PLoS One 8: e63513. 

Quiblier, C., A. S. Zinkernagel, R. A. Schuepbach, B. Berger-Bachi & M. M. Senn, 
(2011) Contribution of SecDF to Staphylococcus aureus resistance and 
expression of virulence factors. BMC Microbiol 11: 72. 

Schmerk, C. L., M. A. Bernards & M. A. Valvano, (2011) Hopanoid production is 
required for low-pH tolerance, antimicrobial resistance, and motility in 
Burkholderia cenocepacia. J Bacteriol 193: 6712-6723. 

Schweizer, H. P., (2012) Mechanisms of antibiotic resistance in Burkholderia 
pseudomallei: implications for treatment of melioidosis. Future Microbiol 7: 
1389-1399. 

Solorzano-Santos, F. & M. G. Miranda-Novales, (2012) Essential oils from aromatic 
herbs as antimicrobial agents. Curr Opin Biotechnol 23: 136-141. 



89 

 

Stavri, M., L. J. Piddock & S. Gibbons, (2007) Bacterial efflux pump inhibitors from 
natural sources. J Antimicrob Chemother 59: 1247-1260. 

Stermitz, F. R., P. Lorenz, J. N. Tawara, L. A. Zenewicz & K. Lewis, (2000) Synergy in a 
medicinal plant: antimicrobial action of berberine potentiated by 5'-
methoxyhydnocarpin, a multidrug pump inhibitor. Proc Natl Acad Sci U S A 
97: 1433-1437. 

Webber, M. A. & L. J. Piddock, (2003) The importance of efflux pumps in bacterial 
antibiotic resistance. J Antimicrob Chemother 51: 9-11. 

 

 



90 

 

 

 



91 

 

 

 



92 

 

 

 



93 

 

 

 



94 

 

 

 



95 

 

 

 



96 

 

 

 



97 

 

 

 



98 

 

 

 



99 

 

 

 



100 

 

 

 



101 

 

 

 



102 

 

 

 



103 

 

 

 



104 

 

 

 



105 

 

 

 



106 

 

 

 



107 

 

 

 



108 

 

 

 



109 

 

 

 



110 

 

 

 



111 

 

 

 



112 

 

 

 



113 

 

 

 



114 

 

 

 



115 

 

 

 



116 

 

 

 



117 

 

 

 



118 

 

 

 



119 

 

 

 


