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Abstract 

Chemical analysis of extracts from cultures of the plant pathogenic fungus Cytospora 

sp. strain CCTU A309 collected in Iran led to the isolation of two previously unreported 

heptanedioic acid derivatives namely (2R,3S) 2-hydroxy-3-phenyl-4-oxoheptanedioic acid (1) 

and (2S,3S) 2-hydroxy-3-phenyl-4-oxoheptanedioic acid (2) as diastereomers, four previously 

undescribed prenylated p-terphenyl quinones 3-6 in addition to five known metabolites. Their 

structures were elucidated on the basis of extensive spectroscopic analysis and high-

resolution mass spectrometry. While the relative configurations of 1 and 2 were reasoned by 

a J-based analysis and confirmed by comparison of 13C chemical shifts to literature data, their 

absolute configurations were deduced from comparison of the 1H NMR difference of their 

(S)- and (R)-phenylglycine methyl ester derivatives. The isolated compounds were tested for 

their cytotoxic, antimicrobial, biofilm inhibition, antiviral, and nematicidal activities. While 

only moderate antimicrobial effects were observed, the terphenyl quinone derivatives 3-6 and 

leucomelone (10) exhibited significant cytotoxicity against the mouse fibroblast L929 and 

cervix carcinoma KB-3-1 cell lines with IC50 values ranging from 2.4 to 26 µg/mL. 



Furthermore, metabolites 4-6 showed interesting antiviral activity against hepatitis C virus 

(HCV).  
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1. Introduction 

     Today, the emergence of drug-resistant pathogens, drug-resistant cancer cells and the 

occurrence of various side effects for the currently available drugs is a problem of medical 

concern. In the last two decades, the problem has intensified with the emergence of multidrug 

resistance in many pathogens that cause human diseases. Bioactive compounds of natural 

origin have been the most consistent successful sources for developing novel antimicrobial 

drugs; hence, there is an urgent need in exploration of natural products. In this regard, the 

fungal kingdom provides an abundant and diverse source of bioactive metabolites as lead 

candidates for development of drugs and agrochemical pesticides (Bills and Gloer, 2016). 

Biological activities of secondary metabolites from a diverse range of microorganisms have 

been demonstrated in many studies. Many studies have been done on the secondary 

metabolites of some antagonistic fungi and many antimicrobial compounds have been 

identified (Helaly et al., 2017;  Richter et al., 2016; Surup et al., 2017).  

During a survey on Cytospora canker disease of walnut trees in May 2017, samples 

were collected from walnut trees with typical Cytospora canker symptoms in West 

Azerbaijan province of Iran. Already during the isolation procedure, it was observed that one 

of the strains exhibited an inhibition zone against other fungi in the agar plates. Therefore, the 

fungus Cytospora sp. strain CCTU A309 was studied for production of cytotoxic, 

antimicrobial, biofilm inhibition and antiviral secondary metabolites, which will be the 

subject of the current paper.  

 

2. Results and discussion 

2.1. Structure elucidation  

Preparative RP-HPLC purification of extracts from the culture of the plant pathogenic 

fungus Cytospora sp collected in Iran led to the isolation and structure elucidation of 6 

previously unreported secondary metabolites 1-6 together with 5 known ones. Compound 1, 

isolated as brown oil, was assigned to the molecular formula C13H14O6 on the basis of the 

HRESIMS ion cluster [M + H]+ at m/z 267.0860 (Calcd for C13H15O6
+: 267.0863). The 1H 



NMR spectrum showed signals for a monosubstituted benzene ring at δH 7.32-7.34 (5H, m, 

H-2', H-3', H-4', H-5', H-6'), two methine protons at δH 4.82 (1H, d , J = 6.7 Hz, H-2), 4.20 

(1H, brd, J = 6.7 Hz, H-3) as well as two methylene groups at δH 2.69–2.76 (2H, m, H-5) and 

2.44–2.48 (2H, m, H-6). The 13C NMR spectrum showed 11 signals including those of a 

ketone group at δC 209.1 (C-4), two carboxyl carbons at δC 176.1 (C-1) and 176.4 (C-7), two 

methynes at δC 72.5 (C-2) and 62.7 (C-3), and two methylene carbons at δC 37.7 (C-5) and 

28.9 (C-6) (Table 1). The presence of the monosubstituted benzene ring was evidenced by 

resonances depicted at δC 136.2 (C-1′), 131.2 (C-2′ and C-6′), 129.7 (C-3′ and C-5′), and 

128.9 (C-4′). The gross structure of 1 was determined by a combination of the 1H–1H COSY, 

HSQC and HMBC spectra. The HMBC correlations depicted from H-2 (δH 4.82, d, J = 6.7 

Hz) to carbons C-1 (δC 176.1), C-3 (δC 62.7), C-4 (δC 209.1) and C-1' (δC 136.2), from H-3 (δH 

4.20, brd, J = 6.7 Hz) to carbons C-1 (δC 176.1), C-2 (δC 72.5), C-4 (δC 209.1), C-5 (δC 37.7) 

and C-2' and C-6' (δC131.2) as well as from H-5 (δH 2.69–2.76, m) to carbons C-3 (δC 62.7), 

C-4 (δC 209.1), C-6 (δC 28.9) and C-7 (δC176.4) established the planar structure as 2-hydroxy-

3-phenyl-4-oxoheptanedioic acid. The relative stereochemistry of C-2/C-3 was addressed by 

a detailed J-based configurational analysis (Figure 2); HSQC-Hecade and J-HMBC NMR 

spectra were measured to determine the carbon-proton coupling constants. Since a ROESY 

correlation was observed between H-2 and H-3 together with a rather large 3JH2H3 = 6.7 Hz 

coupling constant, a nearly synperiplanar conformation of these protons was concluded. The 

observed  2JH3C2 (large) and 3JH2C1' (large) coupling constants indicated a gauge conformation 

between H-3/2-OH and an antiperiplanar conformation between H-2/C-1'. Taken together, a 

(2R,3S) was concluded. To determine the absolute stereochemistry at C-2, compound 1 was 

treated with both (S)- and (R)- phenylglycine methyl ester (PGME) hydrochlorides. The 

difference in the 1H NMR chemical shifts (Δδ = δ(S) – δ(R)) between (S) and (R)-PGME 

amides were used to assign the configuration at C-2 of α-oxy-α-monosubstituted acetic acid 

derivatives (Yabuuchi and Kusumi, 2000). In the 1H NMR spectra of the amides obtained 

from compound 1, H-2 gave a negative value for Δδ = δ(S) – δ(R) (– 0.039 ppm) indicating the 

R configuration at C-2 (Yabuuchi and Kusumi, 2000). The structure of 1 was elucidated as 

(2R,3S) 2-hydroxy-3-phenyl-4-oxoheptanedioic acid for which we propose the trivial name 

cytosporadioic acid A . 

Metabolite 2 also isolated as brown oil possessed the same molecular formula as 1 as 

evidenced by the HRESIMS which showed a protonated molecular ion at m/z 267.0866 

[M+H]+ (calcd for C13H15O6
+, 267.0863) despite the fact that both compounds had different 

retention times. Its 1H NMR spectrum exhibited resonances for a monosubstituted benzene 



ring at δH 7.31-7.33 (5H, m, H-1', H-2', H-3', H-4', H-5', H-6'), two methine protons at δH 4.62 

(1H, d , J = 8.2 Hz, H-2), 4.20 (1H, d, J = 8.2 Hz, H-3) and two methylene protons at δH 

2.74–2.79 (2H, m, H-5) and 2.45–2.49 (2H, m, H-6). The 13C NMR data were similar to those 

of 1 with some characteristic signals at δC 208.5 (C-4), 175.9 (C-1) and 176.3 (C-7). The 

presence of two methines was evidenced by resonances observed at δC 74.0 (C-2) and 63.1 

(C-3) (Table 1). Signals assigned to the monosubstituted benzene ring were depicted at δC 

136.0 (C-1′), 131.2 (C-2′ and C-6′), 129.7 (C-3′ and C-5′), and 128.9 (C-4′). Detailed analysis 

of the 1H and 13C NMR as well as 2D-NMR data suggested that compound 2 might possess 

the same planar structure as metabolite 1, with the difference of slight downfield or upfield 

shifts of some carbon and proton signals. A detailed J-based configurational analysis (Figure 

2) yielded in a 2S*,3S* configuration, with an anti-periplanar conformation of H-2/H-3. To 

assign the absolute configuration, compound 2 was also treated with both (S)- and (R)- 

phenylglycine methyl ester (PGME) hydrochlorides. The difference in the 1H NMR chemical 

shifts (Δδ = δ(S) – δ(R)) between (S) and (R)-PGME amides for H-2 (+ 0.039 ppm) indicated 

the S configuration (Yabuuchi and Kusumi, 2000). The structure of 2 was thus elucidated as 

(2S,3S) 2-hydroxy-3-phenyl-4-oxoheptanedioic acid, the 2-epimer of metabolite 1 and 

trivially named cytosporadioic acid B. 

The stereo chemical assignment for C–3 of 1 and 2 was confirmed by the comparison 

of the 13C NMR shifts of the syn and anti isomers of ethyl 2-hydroxy-4-oxo-3-

phenylpentanoate, which can be considered as model compounds for 1 and 2, respectively. 

Ethyl 2-hydroxy-4-oxo-3-phenylpentanoate had been synthesized as a mixture of syn/anti 

isomers. Analogously to 1 and 2, C-2 (C 72.7 vs. 70.9) and C-3 (C 62.5 vs. 61.8) are 

significantly more downshifted in the 13C NMR spectrum of the anti isomer (2R*,3S*) 

compared to the syn derivative (2S*,3S*) (Pousse et al., 2010).  

Compound 3, obtained as a purple gum, exhibited in the positive ion mode HRESIMS 

peaks at m/z 407.1127 [M+H]+ and  429.0947 [M+Na]+ corresponding to the molecular 

formula C23H18O7 (Calcd for C23H19O7
+: 407.1125; Calcd for C23H18O7Na+: 429.0945). Its 1H 

NMR spectrum showed in addition to two proton signals at δH 7.22 (s, H-6) and 7.44 (s, H-9) 

resonances for an AA'BB' spin system at δH 7.41 (d, J = 8.9 Hz, H-2' and H-6') and 6.98 (d, J 

= 8.9 Hz, H-3' and H-5') suggesting the presence of a para-disubstituted aromatic ring in the 

structure. The 1H NMR spectrum further showed two olefinic methyl singlets at δH 1.76 (H-

4") and 1.78 (H-5"), an oxygenated methylene doublet at δH 4.60 (J = 6.5 Hz, H-1") and a 

vinyl proton at δH 5.46 (m, H-2") assignable to a γ,γ-dimethylallyloxy moiety (Reddy et al., 



2008). The 13C NMR spectrum showed 23 signals including those of 2 carbonyls at δC 180.3 

(C-1) and 177.5 (C-4), 11 quaternary carbons, 7 methines, one methylene, and two methyl 

groups (Table 2). The resonances of a methylene at δC 65.4 (C-1"), an olefinic methine at δC 

121.2 (C-2"), two methyl groups at δC 18.3 (C-4") and 25.9 (C-5") as well as the quaternary 

carbon at δC 137.9 (C-3") were assigned to the γ,γ-dimethylallyloxy moiety. Careful analysis 

of 1H and 13C NMR, 1H–1H COSY, HSQC and HMBC spectra showed that compound 3 was 

related to cycloleucomelone, a pigment previously isolated from the basidiomycete 

Thelephora ganbajun (Lin and Liu, 2001). This was further confirmed by HMBC correlations 

from protons at δH 7.22 (s, H-6) to C-8 (δC 146.7) and C-9a (δC 114.9); 7.44 (s, H-9) to C-7 

(δC 149.2), C-5a (δC 152.3) and C-9b (δC 119.8); 7.41 (d, J = 8.9 Hz, H-2'/H-6') to C-3 (δC 

118.8) and C-4' (δC 159.7); and finally from protons at δH 6.98 (d, J = 8.9 Hz, H-3'/H-5') to C-

1' (δC 123.5). The location of the γ,γ-dimethylallyloxy group at C-4' was evidenced by the 

HMBC correlation observed between the proton signal at δH 4.60 (d, J = 6.5 Hz, H-1") and 

the carbon at δC 159.7 (C-4'). Consequently, metabolite 3 was elucidated as 4'-γ,γ-

dimethylallyloxycycloleucomelone, for which we propose the trivial name cytosporaquinone 

A. 

The molecular formula of compound 4 also isolated as a purple gum was established 

as C23H20O8 by the positive ion mode HRESIMS which showed the ion cluster at m/z 

425.1236 [M + H]+ (Calcd for C23H21O8
+: 425.1231). In the 1H NMR spectrum, resonances 

attributable to a para-disubstituted aromatic ring at δH 7.47 (d, J = 8.9 Hz, H-2'' and H-6'') 

and 6.97 (d, J = 8.9 Hz, H-3'' and H-5'')] as well as an oxygenated tetrasubstituted benzene 

ring at δH 6.65 (s, H-2' and H-6') (Puder et al., 2005) were observed. It also showed signals 

for a vinyl proton at δH 5.49 (m, H-2"'), an oxymethylene at δH 4.60 (d, J = 6.6 Hz, H-1"') and 

two vinyl connected methyl singlets at δH 1.78 (H-5"') and 1.76 (H-4"') characteristic of an O-

isoprenyl moiety as in compound 3. The 13C NMR spectrum of this metabolite showed only 

signals for 19 instead of 23 carbons as deduced from the mass data. In addition to resonances 

of the oxygenated tetrasubstituted benzene ring at δC 121.8 (C-1'), 111.0 (C-2' and C-6'), 

145.7 (C-3' and C-5'), and 133.8 (C-4') were those of the para-disubstituted aromatic ring at 

δC 123.3 (C-1"), 132.8 (C-2" and C-6"), 114.7 (C-3" and C-5"), and 159.6 (C-4") (Table 3). 

Detailed analysis of 1H–1H COSY, HSQC and HMBC spectra and comparison with the 

literature data suggested that compound 4 was a p-terphenyl quinone derivative (Puder et al., 

2005; Surup et al., 2016). In the HMBC spectrum, some important correlations were depicted 

from H-2'/H-6' to C-2 (δC 116.2) and C-4' (δC 133.8), and from H-2"/H-6" to C-5 (δC 115.6) 

and C-4" (δC 159.6). Furthermore, the γ,γ-dimethylallyloxy moiety was placed at C-4" as the 



oxymethylene protons at δH 4.60 (d, J = 6.6 Hz, H-1"') correlated to C-4" (δC 159.6)  in the 

HMBC spectrum. Since 4 carbon signals were missing in the 13C NMR spectrum, metabolite 

4 could be a p-terphenyl quinone derivative in which the two hydroxyl groups of the 2,5-

dihydroxybenzoquinone core are not substituted. This phenomenon has previously been 

observed in some related compounds and might be due to rapid interconversion of two 

equivalent tautomeric forms of the 2,5-dihydroxyquinone ring system (Alvi and Pu, 1999; 

Surup et al., 2016). Compound 4 was elucidated as 2-(3,4,5-trihydroxyphenyl)-3,6-

dihydroxy-5-(4-γ,γ-dimethylallyloxyphenyl)-2,5-cyclohexadiene-1,4-dione, for which we 

propose the trivial name  cytosporaquinone B. 

The HRESIMS of compound 5 isolated as a purple gum showed ion clusters at m/z 

409.1281 [M+H]+ and 431.1103 [M+Na]+ consistent with the molecular formula C23H20O7 

(Calcd for C23H21O7
+: 409.1287; Calcd for C23H20O7Na+: 431.1103) indicating the lack of 

one oxygen atom compared to 4. The 1H NMR spectrum of 5 (Table 1) was closely related to 

that of 4 with the presence of an AA'BB' spin system at δH 7.47 (d, J = 8.9 Hz, H-2'' and H-

6'') and 6.98 (d, J = 8.9 Hz, H-3'' and H-5'') and the γ,γ-dimethylallyloxy moiety. The main 

difference was that resonances of the tetrasubstituted benzene ring present in compound 4 

were replaced by those of a trisubstituted aromatic ring evidenced by proton signals at 7.08 

(brs , H-2'), 6.93 (brd, J = 8.2, Hz, H-6') and 6.87 (d, J = 8.2 Hz, H-5'). The 13C NMR 

spectrum also showed only signals for 19 instead of 23 carbons as deduced from the MS data 

probably due to rapid interconversion of two equivalent tautomeric forms of the 2,5-

dihydroxyquinone ring system as in 4. Signals attributed to the trisubstituted aromatic ring 

were depicted at δC 122.6 (C-1'), 118.8 (C-2'), 145.1 (C-3'), 146.0 (C-4'), 115.5 (C-5'), and 

123.8 (C-6') (Table 3). Careful examination of the 1H–1H COSY, HSQC, and HMBC spectra 

proved the structure of metabolite 5 to be 2-(3,4-dihydroxyphenyl)-3,6-dihydroxy-5-(4-γ,γ-

dimethylallyloxyphenyl)-2,5-cyclohexadiene-1,4-dione for which we propose the trivial 

name cytosporaquinone C. 

Metabolite 6 was obtained as a purple gum from MeOH. Its HRESIMS exhibited an 

ion cluster at m/z 393.1331 [M + H]+ corresponding to the molecular formula C23H20O6 

(Calcd for C23H21O6
+: 393.1333) and indicating the lack of one oxygen atom as compared to 

5. The 1H NMR spectrum showed in addition to signals attributed to the γ,γ-dimethylallyloxy 

moiety two sets of para-substituted phenyl ring system [δH 6.88 (d, J = 8.7 Hz, H-3' and H-

5'), 7.42 (d, J = 8.7 Hz; H-2' and H-6'); and  6.96 (d, J = 8.8 Hz, H-3" and H-5"), 7.50 (d, J = 

8.8 Hz, H-2" and H-6")]. In the 13C NMR spectrum, signals depicted at at δC 121.7 (C-1'), 

122.8 (C-1"), 131.9 (C-2' and C-6'), 131.7 (C-2" and C-6"), 114.3 (C-3' and C-5'), 113.7 (C-



3" and C-5"), 156.9 (C-4'), and 158.5 (C-4") confirmed the presence of the para-substituted 

phenyl ring system (Table 3). HMBC correlations observed from protons at δH 7.42 (d, J = 

8.7 Hz, H-2'/H-6') to C-2 (δC 114.7) and C-4' (δC 156.9); 7.50 (d, J = 8.8 Hz, H-2"/H-6") to 

C-5 (δC 114.3) and C-4" (δC 158.5); and finally from protons at δH 4.60 (d, J = 6.5 Hz, H-1"') 

to C-4" (δC 158.5) established the structure of 6 as 2-(4-hydroxyphenyl)-3,6-dihydroxy-5-(4-

γ,γ-dimethylallyloxyphenyl)-2,5-cyclohexadiene-1,4-dione, for which we propse the trivial 

name cytosporaquinone D. 

 Known compounds were identified as 3-(2-carboxy-2,5-dihydro-4-hydroxy-5-oxo-3-

phenyl-2-furyl)propionic acid (7) (Küppers et al., 2017), 3-(2,5-dihydro-4-hydroxy-5-oxo-3-

phenyl-2-furyl)propionic acid (8) (Lu et al., 2011), 3,5-dimethyl-8-methoxy-3,4-

dihydroisocoumarin (9) (Kamisuki et al., 2007; Kokubun et al., 2003), leucomelone (10) 

(Zheng et al., 2006), and atromentin (11) (Hu and Liu, 2003; Zheng et al., 2006). Compounds 

7 and 8 are related butenolides, reported to be produced by several ascomycetes, including 

Talaromyces rugulosus (Küppers et al., 2017), Acremonium sp. (Ghisalberti et al., 2004) and 

even already known from another Cytospora sp (Lu et al., 2011). Due to the structural 

similarity between the two heptanedioic acid derivatives 1 and 2 and these butanolides, we 

proposed a plausible biogenetic pathways for the formation of the new metabolites. 

Decarboxylation of compound 7 could yield metabolite 8 which after the reduction of the C2–

C3 double bond yields two stereomers 12 and 13. Hydrolysis of 12 and 13 could afford the 

heptanedioic acid derivative 14 and 15, which upon selective oxidation of the hydroxyl group 

at C-4 finally yield compounds 1 and 2 (Fig. 3). Compounds 3-6 are terphenyls, a class of 

fungal pigments reported to exhibit various biological activities. They are potent 

immunosuppressants and exert neuroprotective, antithrombotic, anticoagulant, specific 5-

lipoxygenase inhibitory, and cytotoxic activities (Liu, 2006). Recently, their antimicrobial 

potential was shown (Li et al., 2016; Surup et al., 2016). Regarding the biosynthesis, it has 

been established by feeding 13C- and 14C-labeled precursors to the growing cultures that p-

terphenyls arise by initial condensation between two molecules of either phenylpyruvic acid 

or phenylalanine (Liu, 2006). 

2.2. Antimicrobial Activity and Cytotoxicity Assay 

The isolated compounds were evaluated for their antimicrobial activity. Compounds 1 

and 11 showed rather weak antifungal activity against Mucor hiemalis DSM 2656 and 

Rhodoturula glutinis DSM 10134, respectively with MIC value of 66.66 μg/mL while 

compounds 2 and 7-9 showed exhibited weak antifungal activity against Mucor hiemalis 

DSM 2656 and Rhodoturula glutinis DSM 10134 with MIC value of 66.66 μg/mL. 



Compounds 3-6, 10 showed moderate to weak antimicrobial activity against all the tested 

fungi, Gram-positive and Gram-negative bacteria with MIC values from 16.66 to 66.66 

μg/mL (Table 4). The results obtained are in accordance with literature since Surup et al. 

(2016) also reported antimicrobial and cytotoxic effects of terphenyl derivatives. 

Significant cytotoxicity was observed for terphenylquinone derivatives 3-6 and 10 

against the mouse fibroblast cell line L929 and cervix carcinoma cell line KB-3-1, with IC50 

values ranging from 2.4 to 26 µg/ml (Table 5) while in the case of compounds 1, 2 and 7-

9, no significant effect was observed. 

2.3. Anti-biofilm assay 

Compounds 1-11 were tested for their ability to inhibit formation of biofilms of  

Staphylococcus aureus and Pseudomonas aeruginosa. All tested compounds were inactive 

against P. aeruginosa biofilm formation, while they showed significant activity against S. 

aureus (Table 6). Compounds 6 and 7 showed strong biofilm inhibition activity. They 

showed an inhibition of biofilm formation of 86.92% and 85.9% at 256 µg/ml, respectively, 

while MIC was not obtained for compound 7. In fact, compound 7 was not toxic against 

planktonic cells at this concentration, where 86.92% of the biofilm was prevented and still 

40.60% of the biofilm was prevented at 4 µg/ml. Even compounds 1, 2, 8 and 9 were not 

toxic against planktonic cells at 256 µg/ml but they showed significant inhibition of biofilm 

formation at lower concentrations. Of the tested compounds, only compound 6 was able to 

disperse pre-formed biofilm, (it dispersed 68.05% of pre-formed biofilm at the concentration 

of 256 µg/ml). Biofilm formation is an important factor associated with drug resistance. 

Biofilms play a protective role against unfavorable conditions, and eradication of biofilm 

infections is difficult.  To overcome these difficulties together with increasing antibiotic 

resistances the need for new and useful pharmaceutical compounds, is felt more than ever for 

the treatment of various infection (Austin et al., 1999). There is also an urgent need for 

compounds with biofilms dispersing properties even if compounds with this feature are rare 

(Estrela and Abraham, 2016). The only compound class that we have so far encountered in 

our screening for biofilm dispersers were the microporenic acids (Chepkirui et al., 2018), 

which were, however, more active against Candida albicans than against pathogenic bacteria. 

2.4. Inhibitory effects on HCV Infectivity 

The results obtained for the antiviral activity against HCV in human liver cells (Figs. 

4 and 5) showed that only the terphenyl quinone derivatives 4, 5 and 6 significantly inhibited 

HCV infectivity in a dose-dependent manner. Importantly, the active compounds showed no 

cytotoxicity on the liver cells. While the terphenyls 3 and 11 were found devoid of antiviral 



activity, compound 10 already showed weak cytotoxicity at the initial concentration of 40 

µM and was not tested further. The data available do not allow to establish structure-activity 

relationships, but it might be worthwhile to test additional compounds of this type, which are 

widely available for other fungi, against HCV. 

2.5. Nematicidal activity 

In the case of compounds 1, 2, 7and 8, significant mortality was not observed, while 

metabolites 4-6 and 11 showed some mortality at the highest concentration (100 µg/mL), but 

the IC50 values were not obtained. 

 

3. Conclusion 

Eleven metabolites including two previously unreported heptanedioic acid derivatives 

namely (2R,3R) 2-hydroxy-3-phenyl-4-oxoheptanedioic acid (1) and (2S,3S) 2-hydroxy-3-

phenyl-4-oxoheptanedioic acid (2), and four previously undescribed prenylated p-terphenyl 

quinones 3-6 were isolated from a culture of the plant pathogenic fungus Cytospora sp that 

was characterised to the genus level by means of morphological studies and molecular 

phylogenetic methods. The absolute configurations of compounds 1 and 2 were deduced from 

comparison of the 1H NMR difference of their (S)- and (R)-phenylglycine methyl ester 

derivatives. The new p-terphenyl quinone derivatives exhibited significant cytotoxicity 

against the mouse fibroblast L929 and cervix carcinoma KB-3-1 cell lines with IC50 values 

ranging from 2.4 to 26 µg/mL and  showed interesting antiviral activity against hepatitis-C-

virus.  

4. Experimental section 

4.1. General experimental procedures 

1D and 2D NMR spectra were recorded on a Bruker 500 MHz Avance III 

spectrometer with a BBFO (plus) SmartProbe (1H 500 MHz, 13C 125 MHz) and a Bruker 700 

MHz Avance III spectrometer with a 5 mmTCI cryoprobe (1H 700 MHz, 13C 175 MHz). 

Chemical shifts are given in parts per million (ppm), and coupling constants in hertz (Hz). 

Spectra were measured in acetone-d6 and methanol-d4 while chemical shifts were referenced 

to the solvent signals.  Optical rotations were measured with a Perkin Elmer 241 MC 

polarimeter (using the sodium D line and a quartz cuvette with a 10 cm path length and 0.5 

mL volume). UV spectra were recorded with a Shimadzu UV–vis spectrophotometer UV-

2450. HPLC-DAD-MS analysis was performed using an amaZon speed ETD ion trap mass 

spectrometer (Bruker Daltonics) in positive and negative ionization modes. The mass 

spectrometer was coupled to an DIONEX UltiMate 3000 Diode Array Detector [column 2.1 



× 50 mm, 1.7 μm, C18 Acquity UPLC BEH (Waters), solvent A: H2O + 0.1% formic acid; 

solvent B: acetonitrile (ACN) + 0.1% formic acid, gradient: 5% B for 0.5 min, increasing to 

100% B in 20 min, maintaining isocratic conditions at 100% B for 10 min, flow = 0.6 

mL/min, UV−vis detection 190−600 nm]. HRESIMS mass spectra were obtained with a 

maXis ESI TOF mass spectrometer (Bruker Daltonics) [scan range m/z 100−2500, rate 2 Hz, 

capillary voltage 4500 V, dry temperature 200 °C], coupled to an Agilent 1200 series HPLC-

UV system [column 2.1 × 50 mm, 1.7 μm, C18 Acquity UPLC BEH (Waters), solvent A: H2O 

+ 0.1% formic acid; solvent B: ACN + 0.1% formic acid, gradient: 5% B for 0.5 min, 

increasing to 100% B in 19.5 min, maintaining 100% B for 5 min, RF = 0.6 mLmin-1, UV−vis 

detection 200−600 nm]. The molecular formulas were calculated including the isotopic 

pattern (Smart Formula algorithm). Preparative HPLC purification was performed at room 

temperature on an Agilent 1100 series preparative HPLC system [ChemStation software 

(Rev. B.04.03 SP1); binary pump system; column: Kinetex 5u RP C18, dimensions 250 × 

 mm; mobile phase: ACN + 0.05% trifluoroacetic acid  (TFA) and water + 0.05% TFA; flow 

rate 20 mL/min; diode-array UV detector; 226 fraction collector]. 

4.2. Fungal material and morphological analysis  

For the isolation of Cytospora sp. (CCTU A309), infected Juglans branches were 

surface-sterilized for 2-3 minutes in 70% sodium hypochlorite (NaClO), then small pieces 

were cut from the margins of infected tissues and surface-sterilized for another 45-60 seconds 

in 70% ethanol and rinsed with sterile distilled water for three times. After drying on sterile 

filter paper, the samples were transferred on Potato Dextrose Agar (PDA) plates 

supplemented with 100 mg/L streptomycin sulphate and 100 mg/L ampicillin. Purification of 

the culture was conducted by using the hyphal tip technique. Cultures were preserved on 

MEA (malt extract agar) in 2 mL microtube slants at 4°C in the University of Tabriz Culture 

Collection (CCTU A309). Cultural characteristics of Cytospora isolates including colony 

characters and pigment production were recorded on PDA, MEA and OA in darkness at 25 

°C after 7 and 14 days. Radial growth of colony was measured after 7 days. 

4.3. Molecular analysis, sequencing and phylogenetic analysis  

Genomic DNA was extracted using the EZ-10 Spin Column Genomic DNA Miniprep 

kit (Bio Basic Canada Inc., Markham, Ontario, Canada) following the manufacturer’s 

protocol. Molecular analysis was carried out using sequence data of internal transcribed 

spacer (ITS) regions (using ITS1F/ITS4 primer) (White et al., 1990) and translation 

elongation factor 1-a (TEF1-a) fragments (using primers EF1-728F/EF1-986R) (Carbone and 

Kohn, 1999). Sequence files were edited using SeqMan software in the Lasergene package 



(DNASTAR Inc., Madison, WI, USA) and consensus sequence was compared with 

sequences in the GenBank using the Basic local alignment search tool (BLAST). Sequences 

were deposited in GenBank with the accession numbers MH819654 and MH822660 for ITS 

aNd TEF, respectively. Bayesian analyses were accomplished according to previously 

published procedure (Narmani et al., 2018). 

4.4. Fermentation and Extraction 

Six 7 mm agar disks of a well-grown agar culture of Cytospora (7 days old) were used 

for inoculation of a 500 mL Erlenmeyer flask containing 200 mL of Q6 1/2 medium 

consisting of 0.25% glucose, 1% glycerin, 0.5% cotton seed flour, pH 7.2 and incubated at 23 

°C. The culture medium was homogenized using a Heidolph Silent Crusher when the glucose 

content of the medium reached 50 mg. About 2 ml of the homogenized culture was used to 

inoculate 30 other flasks containing the same medium composition. The flasks were 

incubated at 23 °C under constant shaking at 140 rpm on a rotary shaker. 5 days after the 

sugar was used up, the fungal mycelium was separated by filtration and the supernatant was 

treated with 2% adsorber resin Amberlite XAD-16N over 2 h at room temperature. Then, 

XAD was extracted with acetone and the solution obtained was evaporated to yield an 

aqueous phase, which was further extracted with ethyl acetate (3x500 mL). The ethyl acetate 

fraction was dried over anhydrous Na2SO4, filtered, and concentrated under vacuum to yield 

750 mg of extract. The wet mycelium was extracted three times with acetone, then with 

methanol in an ultrasonic bath at 40°C for 30 min. The resulting solution was evaporated to 

yield an aqueous phase, which was also extracted with ethyl acetate (3×500 mL). After 

drying over anhydrous Na2SO4, the ethyl acetate fraction was concentrated under vacuum to 

yield 3114.8 mg of crude mycelial extract.  

A 500 mL Erlenmeyer flask containing rice medium consisting of 35 g brown rice, 

0.15 g peptone, 0.05 g corn syrup, 50 mL water, pH 7, was also inoculated with five 7 mm 

agar disks of a well-grown agar culture of Cytospora (7 days old). The fermentation was 

carried out at 23 °C under static conditions for 30 days. The culture medium was extracted 

with EtOAc to give 88 mg of crude extract.  

4.5. Isolation of compounds 1-11 

Fractionation of the supernatant crude extract (400 mg) was achieved by preparative 

HPLC (4 runs using a linear gradient of solvent B from 10% to 30% solvent B in 45 min, 30 

to 100% B in 5 min followed by isocratic conditions for 10 min at a flow rate of 20 ml/min. 

Fractions were collected and combined according to UV absorption at 220, 280, and 350 nm 

and concurrent HPLC-MS analyses. The separation yielded compounds 1 (15.2 mg, Rt = 



15.03 min, 2 (78 mg, Rt = 15.93 min), 7 (21 mg, Rt = 21.83 min), 8 (4.15 mg, Rt = 35.50 

min), and 9 (3.12 mg, Rt = 40.18 min).  The mycelial extract (400 mg) was purified by 

preparative HPLC (4 runs) using a linear gradient of solvent B from 35% to 55% solvent B in 

45 min, 55 to 100% B in 5 min, and isocratic condition for 10 min at a flow rate of 20 

ml/min. Fractions were collected and combined according to UV absorptions at 220, 280, and 

350 nm. The separation yielded compounds 4 (28.24 mg, Rt = 25.90 min), 5 (6.94 mg, Rt = 

31.94 min), 3 (3.67 mg, Rt = 36.46 min), and 6 (8.68 mg, Rt = 37.42 min). Crude extract 

from the culture on rice medium (88 mg) was fractionated using the gradient from 14% to 

27% solvent B in 45 min, 45 to 100% B in 5 min, then 100% B for 10 min at a flow rate of 20 

mL/min. Fractions were collected and combined according to UV absorptions at 220, 280, 

and 350 nm. The separation yielded compounds 10 (2.28 mg, Rt = 26.04 min) and 11 (3.43 

mg, Rt = 38.45 min) along with further metabolites which were not identified conclusively 

because of their low amounts. 

4.5.1. Cytosporadioic acid A (1) 

 Brown oil; [α]25
D + 132.1 (c 0.0083, MeOH); UV (MeOH, c  0.25 mg/mL) λmax (log 

ε) 279 (2.78), 218 (3.67) nm; 1H NMR (Acetone-d6, 500 MHz) and 13C NMR (Acetone-d6, 

125 MHz) data, see Table 1; HRESIMS m/z 267.0860 [M + H]+ (Calcd for C13H15O6
+: 

267.0863). 

4.5.2. Cytosporadioic acid B (2) 

  Brown oil; [α]25
D – 87.4  (c 0.0083, MeOH); UV (MeOH, c  0.25 mg/mL) λmax (log ε) 

285 (2.92), 219 (3.66) nm; 1H NMR (Acetone-d6, 500 MHz) and 13C NMR (Acetone-d6, 125 

MHz) data, see Table 1; HRESIMS m/z 267.0866 [M + H]+ (Calcd for C13H15O6
+: 267.0863). 

4.5.3. Cytosporaquinone A (3) 

  Purple gum; UV (MeOH, c  0.2 mg/mL) λmax (log ε) 297 (4.24), 261 (4.34), 203 (4.55)  

nm; 1H NMR (Acetone-d6, 700 MHz) and 13C NMR (Acetone-d6, 175 MHz) data, see Table 

2; HRESIMS m/z 407.1127 [M+H]+ (Calcd for C23H19O7
+: 407.1125), 429.0947 [M+Na]+  

(Calcd for C23H18O7Na+: 429.0945). 

4.5.4. Cytosporaquinone B (4) 

Purple gum; UV (MeOH, c  0.2 mg/mL) λmax (log ε) 273 (4.65), 206 (4.76) nm; 1H 

NMR (Acetone-d6, 500 MHz) and 13C NMR (Acetone-d6, 125 MHz) data, see Table 3; 

HRESIMS m/z 425.1236 [M + H]+ (Calcd for C23H21O8
+: 425.1231). 

4.5.5. Cytosporaquinone C (5) 

  Purple gum; UV (MeOH, c  0.2 mg/mL) λmax (log ε) 358 (3.54), 269 (4.48), 204 (4.64)  

nm; 1H NMR (Acetone-d6, 500 MHz) and 13C NMR (Acetone-d6, 125 MHz) data, see Table 



3; HRESIMS m/z 409.1281 [M+H]+ (Calcd for C23H21O7
+: 409.1287), 431.1103 [M+Na]+  

(Calcd for C23H20O7Na+: 431.1103). 

4.5.6. Cytosporaquinone D (6) 

 Purple gum; UV (MeOH, c  0.2 mg/mL) λmax (log ε) 360 (3.47), 270 (4.41), 203 (4.50) 

nm; 1H NMR (Acetone-d6, 500 MHz) and 13C NMR (Acetone-d6, 125 MHz) data, see Table 

3; HRESIMS m/z 393.1331 [M + H]+ (Calcd for C23H21O6
+: 393.1333). 

4.6. Preparation of the (S) and (R)-phenylglycine methyl ester (PGME) amides of 

1 and 2 

Two portions of compound 1 (3 mg) were dissolved in dry pyridine (3 mg) and 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide (5 mg), 4-dimethylaminopyridine (catalytic 

amounts), and (S) or (R)- phenylglycine methyl ester hydrochloride (6 mg) were added. After 

stirring at room temperature for 16 h, the solvent was removed under reduced pressure. Each 

residue was dissolved in 500 μL of methanol and purified by preparative HPLC 

[ChemStation software (Rev. B.04.03 SP1); binary pump system; column: Kinetex 5u RP 

C18, dimensions 250 × 21.20 mm; mobile phase: ACN + 0.05% trifluoroacetic acid (TFA) 

and water + 0.05% TFA; flow rate 20 mL/min; diode-array UV detector; 226 fraction 

collector. The gradient from 35 to 50 % solvent B in 45 min was used] to yield (R)-PGME 

(1.19 mg, Rt = 30.65 min) of and (S)-PGME (1.10 mg, Rt = 30.65 min) of compound 1, 

respectively. Compound 2 was treated in the same manner to give its (R)-PGME (1.26 mg, Rt 

= 26.64 min) and (S)-PGME (1.15 mg, Rt = 1.15 min) derivatives, respectively. 

4.7. Biological activities 

4.7.1. Antimicrobial activity and cytotoxicity assay 

Minimum inhibitory concentrations (MICs) in μg/mL of the isolated compounds were 

determined with a serial dilution assay against various bacteria and fungi (Table 4) according 

to a previously reported procedure (Richter et al., 2016). The in vitro cytotoxicity was 

determined against the mouse fibroblast cell line L929 and cervix carcinoma cell line KB-3-1 

(Sandargo et al., 2017). 

4.7.2. Staphylococcus aureus and Pseudomonas aeruginosa biofilm assays 

The inhibition of biofilm formation against Staphylococcus aureus DSM 1104 and 

Pseudomonas aeruginosa PA14 was performed in 96-well tissue microtiter plates (TPP, 

Trasadingen, Switzerland) following the protocol of Yuyama et al. (2017).  The compounds 

were tested in concentrations of up to 256 µg/mL. MeOH and coprinuslactone were used as 

negative and positive control, respectively (De Carvalho et al. 2016). 

4.7.3. Inhibitory effects on HCV infectivity 



Compounds 1-11 were tested for their antiviral activity. Huh-7.5 cells were inoculated 

with RLuc Jc1 reporter viruses in the presence of different compounds. Monolayers were 

washed three times with PBS 4 hours later and overlaid with fresh medium without 

inhibitors. Infected cells were lysed 3 days later, and reporter virus infection was determined 

by renilla luciferase activity. The cell viability was measured by determination of firefly 

luciferase. Huh-7.5 cells stably expressing Firefly luciferase (Huh-7.5 Fluc) were cultured in 

Dulbecco’s modified minimum essential medium (DMEM, Life Technologies Manchester 

UK) (containing 2 mM/L glutamine, 1 × minimum essential medium nonessential amino 

acids (MEM NEAA, Life Technologies), 100 μg/mL streptomycin, 100 IU/mL penicillin 

(Life Technologies), 5 μg/mL blasticidin and 10% fetal bovine serum). Cells were incubated 

at 37 °C with 5% CO2 supply. Infected cells were lysed and then frozen at −80 °C for 1 hour 

following measurements of Renilla and Firefly luciferase activities on a Berthold 

Technologies Centro XS3 Microplate Luminometer as indicators of viral genome replication 

and cell viability, respectively (Von Hahn et al., 2011; Mulwa et al., 2018). 

4.7.4. Nematicidal activity 

In the case of compounds 1, 2, 4-8 and 11 which were in large amount, nematicidal 

activities were assessed using Caenorhabditis elegans in a microtiter plate assay as described 

by Rupcic et al. (2018). The assay was performed in four concentrations (100, 50, 25 and 

12.5 µg/mL). Ivermectin was used as positive control at the same concentration ranges as the 

test compounds and MeOH was used as negative control. Percentage of mortality was 

calculated, then the results were expressed as a LD90 and LD50. 
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Fig. 1. Structures of compounds 1-11 isolated from Cytospora sp. (CCTU A309). 
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Fig. 2. J-based analysis of 1 (left) and 2 (right); arrows indicate ROESY correlations. 
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Fig. 3. Proposed biogenetic pathway for the formation of compounds 1 and 2 from 
butenolides 7 and 8. 

 

 



 

 

 
Fig. 4. Antiviral activity of the metabolites 3-6 and 10-11 from Cytospora sp. against Hepatitis C 
virus (HCV). Above: inhibition of infectivity at a starting concentration of 40 M; (lack of)  cytotoxic 
effects at the same concentration.    
 



 
Fig. 5. Comparison of antiviral activities of compounds 4-6 from Cytospora sp. in different 
concentrations. 



 
Table 1 
 13C and 1H NMR spectroscopic data of compounds 1 and 2 in methanol-d4 
 
 1 2 
Position δC, Type δH (J in Hz) δC, Type δH (J in Hz) 

1 176.1, C / 175.9, C / 

2 72.5, CH 4.82 d (6.7) 74.0, CH 4.62 d (8.2) 

3 62.7, CH 4.20 brd (6.7) 63.1, CH 4.20 d (8.2) 

4 209.1, C / 208.5, C / 

5 37.7, CH2 2.69–2.76 m 38.7, CH2 2.74–2.79 m 

6 28.9, CH2 2.44–2.48 m 28.8, CH2 2.45–2.49 m 

7 176.4, C / 176.3, C / 

1′ 136.2, C / 136.0, C / 

2′ 131.2, CH 7.32–7.34 m 131.2, CH 7.31–7.33 m 

3′ 129.7, CH 7.32–7.34 m 129.7, CH 7.31–7.33 m 

4′ 128.9, CH 7.32–7.34 m 128.9, CH 7.31–7.33 m 

5′ 129.7, CH 7.32–7.34 m 129.7, CH 7.31–7.33 m 

6′ 131.2, CH 7.32–7.34 m 131.2, CH 7.31–7.33 m 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 2 
 13C and 1H NMR spectroscopic data of compound 3 in acetone-d6 

 
Position δC, Type δH (J in Hz) Position δC, Type δH (J in Hz) 

1 180.3, C / 1′ 123.5, C / 

2 153.3, C / 2′ 133.3, CH 7.41 d (8.9) 

3 118.8, C / 3′ 114.6, CH 6.98 d (8.9) 

4 177.5, C / 4′ 159.7, C / 

4a 153.5, C / 5′ 114.6, CH 6.98 d (8.9) 

5a 152.3, C / 6′ 133.3, CH 7.41 d (8.9) 

6 99.6, CH 7.22 s 1′′ 65.4, CH2 4.60 d (6.5) 

7 149.2, C / 2′′ 121.2, CH 5.49 m 

8 146.7, C / 3′′ 137.9, C / 

9 106.4, CH 7.44 s 4′′ 18.3, CH3 1.76 brs 

9a 114.9, C / 5′′ 25.9, CH3 1.78 brs 

9b 119.8, C /    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 3 
 13C and 1H NMR spectroscopic data of compounds 4–6 in acetone-d6 
 

 4 5 6 
Position δC, Type δH (J in Hz) δC, Type δH (J in Hz) δC, Type δH (J in Hz) 

2 116.2, C / 116.2, C / 114.7, C / 

5 115.6, C / 115.7, C / 114.3, C / 

1' 121.8, C / 122.6, C / 121.7, C / 

2' 111,0, CH 6.65 s 118.8, CH 7.08 brs 131.9, CH 7.42 d (8.7) 

3' 145.7, C / 145.1, C / 114.3, CH 6.88 d (8.7) 

4' 133.8, C / 146.0, C / 156.9, C / 

5' 145.7, C / 115.5, CH 6.87 d (8.2) 114.3, CH 6.88 d (8.7) 

6' 111.0, CH 6.65 s 123.8, CH 6.93 brd (8.2) 131.9, CH 7.42 d (8.7) 

1′′ 123.3, C / 122.2, C / 122.8, C / 

2′′ 132.8, CH 7.47 d (8.9) 132.8, CH 7.47 d ( 8.4) 131.7, CH 7.50 d (8.8) 

3′′ 114.7, CH 6.97 d (8.9) 114.7, CH 6.98 d (8.4) 113.7, CH 6.96 d (8.8) 

4′′ 159.6, C / 159.6, C / 158.5, C / 

5′′ 114.7, CH 6.97 d  (8.9) 114.7, CH 6.98 d (8.4) 113.7, CH 6.96 d (8.8) 

6′′ 132.8, CH 7.47 d (8.9) 132.8, CH 7.47 d (8.4) 131.7, CH 7.50 d (8.8) 

1′′′ 65.4, CH2 4.60 d (6.6) 65.4, CH2 4.60 d (6.5) 64.5, CH2 4.60 d (6.5) 

2′′′ 121.2, CH 5.49 m 121.2, CH 5.49 m 120.3, CH 5.49 m 

3′′′ 137.9, C / 137.9, C / 136.9, C / 

4′′′ 18.3, CH3 1.76 brs 18.3, CH3 1.76 brs 17.3, CH3 1.76 brs 

5′′′ 25.9, CH3 1.78 brs 25.9, CH3 1.78 brs 24.9, CH3 1.78 brs 

 

 

 

 

 

 

 
 
 



Table 4 
 MIC values (μg/mL) against the tested microorganisms.  
 
Organism 

MIC (µg/ml) 
1 2 3 4 5 6 7 8 9 10 11 Reference 

Candida albicans DSM 
1665 

n.i. n.i. n.i. 66.66 n.i. 66.66 n.i. n.i. n.i. n.i. n.i. 33.33 N 

Micrococcus luteus DSM 
1790 

n.i. n.i. 66.66 16.66 33.33 33.33 n.i. n.i. n.i. n.i. n.i. 0.41 O 

Mucor hiemalis DSM 2656 66.66 66.66 66.66 33.33 33.33 33.33 66.66 66.66 66.66 66.66 n.i. 16.66 N 
Pichia anomala DSM 6766 n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. 16.66 N 
Rhodoturula glutinis DSM 
10134 

n.i. 66.66 33.33 33.33 66.66 33.33 66.66 n.i. 66.66 66.66 66.66 4.16 N 

Schizosaccharomyces 
pombe DSM 70572 

n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. 16.66 N 

 
Bacillus subtilis DSM 10 

n.i. n.i. 66.66 66.66 66.66 66.66 n.i. n.i. n.i. n.i. n.i. 8.33 O 

Chromobacterium 
violaceum DSM 30191 

n.i. n.i. 66.66 33.33 66.66 66.66 n.i. n.i. n.i. 66.66 n.i. 0.41 O 

Escherichia coli DSM 1116 n.i. n.i. n.i. n.i. n.i. 66.66 n.i. n.i.  n.i. n.i. n.i. 1.66 O 
Mycobacterium smegmatis 
DSM ATCC 700084 

n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. 0.83 K 

Pseudomonas aeruginosa 
DSM PA14 

n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. 0.41 G 

Staphylococcus  aureus 
DSM 346 

n.i. n.i. 33.33 16.66 16.66 16.66 n.i. n.i. n.i. n.i. n.i. 0.41 O 

ni: no inhibition, N: Nystatin, O: Oxytetracyclin, K: Kanamycin, G: Gentamycin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 5 
 Cytotoxicity (IC50) against two different cell lines. 
 

Cell line 
IC50 µg/ml 

1 2 3 4 5 6 7 8 9 10 11 Epothilon B 

L929 n.a. n.a. 26 7.8 7 19 n.a. n.a. n.a. 5.8 n.a. 0.00038 

KB3.1 n.a. n.a. 17 5.9 6.5 5 n.a. n.a. n.a. 2.4 n.a. 0.000027 

 



Table 6 
 Biofilm and Preformed Biofilm Inhibition Activity. 
 

Biofilm and Pre-biofilm inhibition % 
Assay 

Conc. 
(µg/ml) 

  11 10 9 8 7 6 5 4 3  2 1 

64 64 no no no 16 16 16 32 no no* MIC 
(µg/ml)  

  

85.29 85.62 89.5 77.8 85.9 86.92 85.1 83.16 85.27 72.68 74.14 
Biofilm 

256  
na na na na na 68.05 na na na na na** Pre-

biofilm  
81.08 81.49 82.45 35.91 80.18 86.75 85.1 78.91 83.78 65.64 48.40 

Biofilm 
128  

na na na na na 60.75 na na na na na Pre-
biofilm  

76.3 75.31 42.86 13.41 65.05 85.14 85.6 12.58 32.92 29.77 53.68 
Biofilm 

64 
na na na na na 51.86 na na na na na Pre-

biofilm  
na 27.85 14.66 2.52 60.1 84.73 61.12 na na na 12.3 

Biofilm 
32 

na na na na na na na na na na na Pre-
biofilm  

na 4.44 na na 55.96 73.30 34.42 na na na na 
Biofilm 

16 
na na na na na na na na na na na Pre-

biofilm  
na na na na 41.18 42.16 na na na na na 

Biofilm 
8 

na na na na na na na na na na na Pre-
biofilm  

na na na na 40.60 30.94 na na na na na 
Biofilm 

4 
na na na na na na na na na na na Pre-

biofilm  
*no: not obtained, **na: not active 

 


