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ABSTRACT 

The rates of infection by community-acquired multi-drug resistant Staphylococcus aureus have risen 

dramatically over fifteen years in the United States. Community-acquired multi-drug resistant Staphylococcus 

aureus is responsible for rapidly progressive diseases, including necrotizing pneumonia, severe sepsis, and 

necrotizing fasciitis. Consequently, novel antibacterial strategies are needed to combat the rising antibiotic 

resistance seen in community-acquired multi-drug resistant strains. We have screened the Nebraska 

Transposon Mutant Library for MRSA strains that are either susceptible or resistant to methanol extracts of 

Centaurea nigrescens leaves and flowers. 10 strains containing mutations affecting transporter proteins were 

identified as having either significant resistance or susceptibility to Centaurea extract. Insertions in two 

different drug efflux transporter families have been identified. The EmrB/QacA drug resistance transporter 

subfamily is a multi-drug efflux pump responsible for the export of toxic molecules from bacteria and yeast. 

The ABC transporters are involved in drug import and export. These results confirm the effectiveness of the 

screen as a means for identifying drug-resistance genes affected by the C. nigrescens methanolic extract and 

suggest a role for drug efflux proteins in the resistance of S. aureus community-acquired multi-drug resistant 

Staphylococcus aureus to antibacterial plant metabolites. 
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INTRODUCTION 

The rates of infection by community-acquired multi-drug resistant Staphylococcus aureus (CA-MRSA) 

have risen dramatically since the introduction of methicillin [1-3]. CA-MRSA infections differ 

significantly from hospital-acquired infections. While primarily associated with skin and soft tissue 

infections in previously healthy individuals within a localized community [4-6], CA-MRSA may 

occasionally cause invasive and severe infections including necrotizing pneumonia, necrotizing fasciitis, 

pyomyositis, osteomyelitis, and sepsis [7, 8]. 

The value of folk medicine and herbal remedies as sources for medicinal lead compounds has been 

recognized worldwide [9]. These sources have led, in part, to the discovery of important medicines, such 

as digitalis [10] and paclitaxel [11, 12]. In addition, other drugs are modifications of plant-derived 

compounds [13]. We have previously examined the antibacterial and cytotoxic properties of extracts from 

the red mangrove (R. mangle). Our results have shown that extracts of the red mangrove propagule, a 

viviparous seed with primitive root development, inhibited bacterial growth [14].  

Knapweeds (Centaurea spp.) have been used in Anatolian folk medicine to treat a variety of ailments [15]. 

Of the approximately 500 species of Centaurea, several have been shown to produce novel secondary 

metabolites [16] and have antibacterial activity versus S. aureus [17]. Antibacterial compounds are 

important lead compounds for drug discovery, but few studies have looked at the effects of these 

compounds on CA-MRSA strains [18]. The tyrol knapweed, Centaurea nigrescens, is found locally in 

West Virginia and throughout the United States, but little is known about the complement of bioactive 

compounds it produces. We have examined the effect of C. nigrescens methanolic extract (CnME) on 

the growth of the USA300 CA-MRSA strain [19].  

To understand the mechanism of action and potential molecular targets of the active compounds 

produced by C. nigrescens, we screened the Nebraska Transposon Mutant Library (NTML, BEI 

Resources. Manassas, VA, USA) versus CnME. The parental USA300 CA-MRSA strain was modified 

by the Center for Staphylococcal Research (CSR) at the University of Nebraska Medical Center to 
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include a mariner-based transposon, bursa aurealis [20-22]. Over 1,900 

disruption mutants were generated, and the transposon insertion sites 

of each were mapped to specific, non-essential genes in S. aureus. We 

have screened the NTML using Kirby-Bauer disc diffusion assays [23] 

to identify mutant strains that exhibit either increased susceptibility or 

increased resistance to CnME with the goal of identifying mutant 

strains that are preferentially affected. 

As a result of this screen, we have identified a group of drug-

transporters that when mutagenized show differential growth in the 

presence of CnME. Over 100 ABC transporter subunits have been 

identified in the NTML with another 50 transport proteins from other 

classes. We have been able to show that 10 transporters are 

preferentially affected by CnME. This group of transporters are 

potential targets of attack to inhibit the growth of CA-MRSA. 

METHODS 

C. nigrescens was collected at sites LJS20 and PH33, in and around 

Buckhannon, WV. Plant material was air-dried, and stored at -20 ⁰C 

until extraction. 100 g of leaves, buds, and flowers from C. nigrescens 

were homogenized in 2 L methanol at 25 ⁰C until well blended. The 

resulting extract was filtered to remove insoluble material, and was 

concentrated by rotary evaporation at 45 ⁰C. The dried C. nigrescens 

methanol extract (CnME) was resuspended at 50 mg/ml in methanol. 

Samples were aliquoted and stored at -80 ⁰C.  

The CnME was initially screened for antibacterial activity versus the 

parental CA-MRSA strain USA300 via a Kirby-Bauer disc diffusion 

assay [23]. USA300 CA-MRSA was maintained on Luria Bertani agar 

(Thermo Fisher Scientific, Waltham, MA, USA) and grown overnight 

in Luria Bertani broth at 37 °C. 25 µl (1.25 mg) of CnME in was 

spotted on 6 mm filter paper discs and allowed to air dry. Discs were 

incubated in triplicate on Mueller-Hinton agar (Thermo Fisher 

Scientific, Waltham, MA, USA) streaked to create a uniform lawn 

from overnight cultures of USA300. Inoculated plates were incubated 

18 hours at 37 °C. The zone of inhibition around the filter discs were 

determined for each treatment. A methanol vehicle and 10 µg 

streptomycin (Thermo Fisher, Waltham, MA, USA) control discs 

were included with each treatment.  

CnME extracts that showed inhibition of USA300 growth in the 

Kirby-Bauer assay were used to screen the NTML. All strains were 

assayed in triplicate versus CnME and vehicle as described above. 

The mean zone of inhibition was determined. A KB score for each 

strain was determined by subtracting the diameter of the mean zone of 

inhibition of the USA300 parental strain from the mean zone of 

inhibition of the transposon-mutated strains. 

The minimal inhibitory concentration (MIC) of the CnME was 

determined by resazurin assay [24]. A two-fold dilution series of CnME 

versus the methanol vehicle was constructed across a 96-well plate 

beginning with either 1.0 mg CnME in 20 µl methanol, 20 µl of 

methanol, or 20 µl of 5 mg/ml streptomycin as a positive control. In 

addition, a 2-fold dilution series of CnME in Mueller-Hinton broth 

(MHB) (Thermo Fisher Sceintific, Waltham, MA, USA) was used to 

background-correct each dilution. Each well received 30 μL of 

USA300 diluted to 0.5 McFarland units in Mueller-Hinton broth, and 

contained 1.8 μg resazurin. Wells were adjusted to a final volume of 

100 µl with MHB. The 96-well plates were incubated at 37 °C for 24 

hours. The reduction of resazurin to resorufin was determined by 

subtracting the absorbance at 600 nm of resazurin from absorbance at 

570 nm of resorufin for each dilution at 3 and 24 hours post 

inoculation. The absorbance values for the CnME blank were 

subtracted from the CnME assay values at each dilution to determine 

the corrected A570-600 values resulting from the CnME 

treatment. The methanol vehicle control was compared to the 

corrected CnME values at each dilution using a T-test to determine if 

the dilutions demonstrated a significantly different bacteriostatic 

activity (p≥0.01). The MIC was defined as the most dilute 

concentration that showed a significant inhibitory activity versus the 

vehicle control. 

The effect of CnME on USA300 growth was determined by 

incubating 100 µl on USA300 overnight culture in 2 ml MHB at 37 

°C for 24 hours. Optical density was measured at 600 nm every 30 

minutes for 7.5 hours, and then again at 24 hours. USA300 was 

treated in triplicate with 2xMIC (0.6 μg/mL CnME), 1xMIC (0.3 

μg/mL CnME), methanol vehicle control, and MHB negative control.  

RESULTS 

The CnME extract had an average diameter of inhibition of 8.7 mm 

when assayed versus the parental USA300 strain. Strains within the 

NTML were assayed and compared daily to the zone of inhibition of 

the parental USA300 strain. A KB score was determined for each 

mutant strain by subtracting the mean zone of inhibition diameter 

(mm) of the parental USA300 strain (n=3) from the mean zone of 

inhibition diameter (mm) for the mutant strain (n=3). The average KB 

score for the 1912 assayed strains in the NTML was 0.1 +/- 1.1 (mean 

+/- 1 SD). Strains with KB scores >2 standard deviations away from 

the mean were selected for further analysis. 66 strains were found to 

have KB scores >2SD (2.3), and 18 strains were found to have KB 

scores <2SD (-2.0).  

The mutated strains with KB scores >2SD (2.3), are more susceptible 

to CnME, and we expect to find genes that encode proteins that under 

normal conditions either export or detoxify compounds in their 

environment. When mutated, the gene products from these strains 

result in decreased resistance to CnME. Of the 66 strains with KB 

scores >2.3, 9 strains have disruptions in known transport proteins, 

with an additional 25 unknown, hypothetical proteins (Table 1). In 

addition, we should see mutant lines with disrupted housekeeping 

genes in this group. Any mutant that is, in general, less healthy should 

be less resistant to CnME. As predicted, EmrB/QacA subfamily drug 

resistance transporter [25], 5 ABC transport proteins [26], and pbp4 

penicillin-binding protein 4 [27] were identified. 
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Table 1: USA300 Strains with KB scores two standard deviations greater than the mean. 

Strain Gene Description KB Score 

NE377  conserved hypothetical protein 4.3 

NE1876 panC pantoate--beta-alanine ligase 4.0 

NE1063  chorismate-binding domain-containing protein 3.7 

NE1221  chaperone protein HchA 3.7 

NE1252 phnC phosphonate ABC transporter ATP-binding protein 3.7 

NE1829  2-oxoisovalerate dehydrogenase, E1 component, beta subunit 3.7 

NE182  conserved hypothetical protein 3.7 

NE1113 ureG urease accessory protein UreG 3.5 

NE1117  hypothetical protein 3.5 

NE1507  hypothetical protein 3.5 

NE378  putative membrane protein 3.3 

NE376  putative membrane protein 3.3 

NE923  hypothetical protein 3.3 

NE1798 dut dUTP diphosphatase 3.2 

NE186 fnbA fibronectin binding protein A 3.0 

NE1008 sdaAB L-serine dehydratase, iron-sulfur-dependent, beta subunit 3.0 

NE12  drug resistance transporter, EmrB/QacA subfamily 3.0 

NE248  conserved hypothetical protein 3.0 

NE345  membrane protein 3.0 

NE1569  superantigen-like protein 3.0 

NE1578  isochorismate synthase family protein 3.0 

NE1790  ABC transporter ATP-binding protein 3.0 

NE1218  TENA/THI-4 family protein 3.0 

NE1219  putative ATP-dependent Clp proteinase 3.0 

NE1508  D-lactate dehydrogenase 3.0 

NE760  transcriptional regulator, Fur family 2.8 

NE1107 cinA competence/damage-inducible protein cinA 2.8 

NE1567 dapB dihydrodipicolinate reductase 2.8 

NE1022 fmt fmt protein 2.8 

NE575 cap5G capsular polysaccharide biosynthesis protein cap5G 2.7 

NE375 ear Ear protein 2.7 

NE567 epiG lantibiotic epidermin immunity protein F 2.7 

NE566 icd isocitrate dehydrogenase, NADP-dependent 2.7 

NE681 kdpB K+-transporting ATPase, B subunit 2.7 

NE679 pbp4 penicillin-binding protein 4 2.7 

NE184  conserved hypothetical protein 3.0 

NE569  conserved hypothetical protein 3.0 

NE1398  conserved hypothetical protein 3.0 

NE1112  hypothetical protein 3.0 

NE845  hypothetical protein 3.0 

NE1877  hypothetical protein 3.0 

NE183  glycerate dehydrogenase-like protein 2.7 

NE388  sodium-dependent transporter 2.7 

NE767  putative chromosome partioning protein, ParB family 2.7 

NE759  5'-nucleotidase, lipoprotein e(P4) family 2.7 

NE1036  putative AMP-binding enzyme 2.7 

NE1822  ABC transporter permease 2.7 

NE1204  antibiotic transport-associated protein-like protein 2.7 

NE1116 nsaS nisin susceptibility-associated sensor histidine kinase 2.7 
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NE1314 oppC oligopeptide ABC transporter permease 2.7 

NE181  conserved hypothetical phage protein 2.7 

NE758  conserved hypothetical protein 2.7 

NE568  conserved hypothetical protein 2.7 

NE1375  conserved hypothetical protein 2.7 

NE1106  hypothetical protein 2.7 

NE1111  hypothetical protein 2.7 

NE1771  hypothetical protein 2.7 

NE1681  hypothetical protein 2.7 

NE1631  hypothetical protein 2.7 

NE1505  hypothetical protein 2.7 

NE683 oppB oligopeptide ABC transporter, permease protein 2.5 

NE1118 dapD tetrahydrodipicolinate acetyltransferase 2.5 

NE929 mtlF PTS system, mannitol specific IIBC component 2.5 

NE1042  hypothetical protein 2.5 

NE1722  hypothetical protein 2.5 

NE1208  hypothetical protein 2.5 

 

The strains with KB scores <2SD (-2.0) are less susceptible to the 

CnME. Within this group, we expect to find mutations in gene 

products that intensify the effects of CnME. Drug-import proteins, 

and enzymes that increase the toxicity of compounds should show up 

here. 18 strains were identified with KB scores <-2.0. In this set, we 

identified 1 transporter, and 6 unknown, hypothetical proteins (Table 

2). The opp-2F oligopeptide permease [28], ATP-binding protein, sirA 
[29], and ABC transporter iron compound-binding protein were 

identified. 

 

Table 2: USA300 Strains with KB scores two standard deviations less than the mean. 

Strain Gene Description KB Score 

NE1701 dapA dihydrodipicolinate synthase -4.0 

NE1894  hypothetical protein -2.7 

NE1699  hypothetical protein -2.3 

NE1609 opp-2F oligopeptide permease, ATP-binding protein -2.3 

NE1384  hypothetical protein -2.2 

NE1201  hypothetical protein -2.2 

NE1545 moeB molybdopterin biosynthesis protein B -2.0 

NE1831  YibE/F-like protein -2.0 

NE1767 sirA ABC transporter iron compound-binding protein SirA -2.0 

NE1885 tgt queuine tRNA-ribosyltransferase -2.0 

NE1694 typA GTP-binding protein -2.0 

NE1695  branched-chain -keto acid dehydrogenase subunit E2 -2.0 

NE1891 gpmI phosphoglyceromutase -2.0 

NE1610 lpdA dihydrolipoamide dehydrogenase -2.0 

NE1802  aldo/keto reductase family oxidoreductase -2.0 

NE1440  replication initiation factor family protein -2.0 

NE1581  hypothetical protein -2.0 

NE1886  hypothetical protein -2.0 

 

We have determined the minimal inhibitory concentration of CnME to 

be 0.34 mg/ml with an IC50 of 2.5 mg/ml using resazurin assay [24] 

(Figure 1). The growth of USA300 was inhibited at both 1xMIC and 

2xMIC in liquid culture through 8 hours. By 24 hours, the growth of 

USA300 at 1xMIC returned to control levels while the 2xMIC 

treatment only recovered to ~80% of the control levels (Figure 2). 

These results suggest that the CnME extract is not bacteriocidal, but 

may be mildly bacteriostatic at concentrations tested. 
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Figure 1: CnME significantly decreased the rate of resazurin reduction by USA300. Cell viability was assayed by resazurin reduction to resorufin and was tracked 

by A570-600. The baseline-corrected A570-600 of treatments was determined at 3 hours. A T test was used to compare the methanol vehicle control and CnME at each 

dilution (p≥0.01). The MIC was defined as the lowest concentration that exhibited a significant difference between the vehicle control and CnME. The CnME 

significantly inhibited the growth of USA300 at 32-fold dilution=0.34 mg CnME/ml. 

 

Figure 2: Mean cell growth of USA300 in MHB measured by optical density at 600 nm every 30 minutes for 7.5 hours, and then again at 24 hours. USA300 was 

treated in triplicate with 2xMIC, 1xMIC, methanol vehicle control (V), and MHB negative control (NC). 

DISCUSSION 

Methanol extracts of tyrol knapweed, C. nigrescens, leaves, buds and 

flowers have been shown to inhibit the growth of CA-MRSA 

USA300. In this study, we examined 1912 mutant USA300 strains 

from the Nebraska Transposon Mutant Library. 84 strains with KB 

scores >2SD divergent from the mean KB score of 0.1 were selected 

for further analysis. A Kirby Bauer assay [23] is inherently biased 

because of the 6 mm filter disc that is used for delivery of test 

compounds. The lower boundary for bacterial growth is reached when 

the test strains contact the disc. The upper boundary is not limited. As 

a consequence, more strains with positive KB scores are expected. Of 

the 88 strains, 66 strains with positive >2SD divergent from the mean 

were obtained versus only 18 strains with negative KB scores.  

Strains with decreased resistance to CnME included a range of non-

essential genes with housekeeping functions including the 

dehydrogenases IpdA and strain NE1695 that are associated with the 

citric acid cycle [30, 31]. The DapA gene plays a role in lysine 

biosynthesis [32] while the moeB gene appears to encode a 

molybdoterin synthatase sulfurylase potentially involved in nitrate 

reduction [33]. More interesting are the two transporters identified in 

this group. Opp-F2 is a transporter involved in oligopeptide uptake 

and may be important for growth and survival during infections [28]. 

The sirA gene product is an iron siderophore uptake protein [29]. These 

two transport proteins could be targets aiding in the entry of select 

toxins within the CnME. Disruption of either sirA or Opp-F2 resulted 

in decreased sensitivity possibly due to the loss of entry into the 

bacterium. 
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Within the group of strains with increased susceptibility to CnME, 

four proteins that are associated with pathogenicity or antibiotic 

resistance mechanisms were identified. Penicillin-binding protein 4, a 

nonessential enzyme with both transpeptidase and carboxypeptidase 

activities that functions in cell wall biosynthesis, is associated with 

low-level beta-lactam antibiotic resistance [27, 34]. The cap5G protein 

plays a role in cell wall lipopolysaccharide synthesis [35]. The Ear 

protein, (Escherichia coli ampicillin resistance) is an exoprotein, 

predicted to be a superantigen and plays roles in antibiotic resistance 

and virulence [36]. Finally, the fibronectin binding protein 4 appears to 

play a role in attachment and colonization of host tissues and can be 

upregulated by antibiotics [37].  

A group of transporters were identified that, when disrupted, increase 

the sensitivity of USA300 to CnME. The EmrB/QacA protein is used 

to pump out quatemary amine compounds and basic dyes. This 

multidrug efflux systems works primarily with amphiphilic molecules 

with positive charges [25]. In addition a group of ATP-dependent ATP-

Binding Cassette (ABC) transporters were identified (Table 1). The 

ABC transporter family export toxic compounds from the inner leaflet 

of the cytoplasmic membrane to the aqueous extracellular medium 

(Putman et al., 2000). The epiG protein, a component of the EpiFEG 

ABC transporter has been shown to increase antibiotic resistance by 

the expulsion of lantibiotic peptide antibiotics into the surrounding 

medium [38].  

By identifying mutant strains preferentially affected by tyrol 

knapweed CnME, it is possible to identify bacterial mechanisms of 

resistance. In addition to previously identified genes involved in 

antibiotic resistance, we have identified 10 transport proteins that 

could be targets for either toxin entry or export. Of the 153 known 

transporter gene mutants present in the NTML, we have already seen 

9 mutagenized strains that have increased susceptibility to CnME, and 

1 strain that has decreased resistance. The transporters identified, 

provide a fertile area for exploration and targeting of novel 

antibacterial compounds. By blocking the export of potential toxins, 

the inhibitory effects can be intensified and prolonged.  

CONCLUSION 

30 USA300 CA-MRSA strains containing mutations affecting 

transporter proteins were identified as having either increased 

resistance or susceptibility to methanolic extracts of C. nigrescens. 

Two different drug efflux transporter families have been identified. 

The EmrB/QacA drug resistance transporter subfamily is a multi-drug 

efflux pump responsible for the export of toxic molecules from 

bacteria and yeast. The ABC transporters are involved in drug import 

and export. These results confirm the effectiveness of the screen as a 

means for identifying drug-resistance genes affected by the C. 

nigrescens methanolic extract and suggest a role for drug efflux 

proteins in the resistance of S. aureus community-acquired multi-drug 

resistant Staphylococcus aureus to antibacterial plant metabolites.  
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