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Abstract 

Gloeosporium sp. (OR-10) was isolated as an endophyte of Tsuga heterophylla (Western  hemlock). 

Both ITS and 18S sequence analyses indicated that the organism best fit either Hypocrea spp. 

or Trichoderma spp., but neither of these organisms possess conidiophores associated with 

acervuli, in which case the endophytic isolate OR-10 does. Therefore, the preferred taxonomic 

assignment was primarily based on the morphological features of the organism as one belonging 

to the genus Gloeosporium sp. These taxonomic observations clearly point out that limited ITS and 

18S sequence information can be misleading when solely used in making taxonomic assignments.  

The volatile phase of this endophyte was active against a number of plant pathogenic fungi 

including Phytophthora palmovora, Rhizoctonia solani, Ceratocystis ulmi, Botrytis cinerea and 

Verticillum dahliae. Among several terpenes and furans, the most abundantly produced compound 

in the volatile phase was 6-pentyl-2H-pyran-2-one, a compound possessing antimicrobial activities. 

When used in conjunction with µl amounts of any in a series of esters or isobutyric acid, an 

enhanced inhibitory response occurred with each test fungus that was greater than that exhibited 

by Gloeosporium sp. or the compounds tested individually. Compounds behaving in this manner 

are hereby designated “synergistans.” An expression of the “median Synergistic Effect,” under 

prescribed conditions, has been termed the mSE50. This value describes the amount of a potential 

synergistan that is required to yield an additional median 50% inhibition of a target organism. 

In this report, the mSE50s are reported for a series of esters and isobutyric acid. The results 

indicated that isoamyl acetate, allyl acetate and isobutyric acid generally possessed the lowest 

mSE50 values. The value and 
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potential importance of these microbial synergistic effects to the microbial environment are also 
discussed.   

Introduction 

Endophytes are microorganisms that reside symbiotically to borderline pathogenically in 

virtually every plant without causing any externally apparent signs or symptoms of their 

presence [14, 23, 27]. In exchange for the host providing an appropriate environment for the 

endophyte, the fungal endophyte will produce volatile organic compounds (VOCs) that ward off 

pathogenic microorganisms [14, 16, 23, 27]. Because of the production of VOCs, endophytes 

allow their host plants to withstand attacks by pathogens as well as harsh environments, 

including drought and salinity [23]. These attributes of endophytic fungi make them of great 

interest for further research and analysis [1, 4, 5, 14, 15, 16, 21]. As an example, the VOCs 

produced by the endophytes, once purified and characterized are being examined for uses in 

medicine, agriculture, and industry. Because of the diversity of these unique attributes and their 

ability to produce bioactive molecules, endophytes are critically important and highly sought 

after. 

 The isolate, designated OR-10 and characterized as Gloeosporium sp., is a fungal endophyte 

isolated from small stems of Tsuga heterophylla (Western hemlock) sampled in the Pacific 

Northwest. The organism was initially shown to produce 6-pentyl-2H-pyran-2-one, which 

possesses some microbial inhibitory properties and is a product of certain Trichoderma spp. [8, 11]. 

In this study, tests were performed to learn if the VOCs made by Gloeosporium sp. behave in a 

synergistic manner when supplemented with known compounds, such as small molecular 
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weight acids and esters that had been previously shown to exhibit such activities [19]. For 72 

instance, in the case of Oidium sp., which makes a family of related esters possessing some 73 

volatile inhibitory activities, the addition of isobutyric acid as a supplement to the fungal culture 74 

enhanced its fungal inhibitory properties, causing a more extensive inhibition of the test 75 

organism than either the fungal or the acid could produce alone [19]. Such activity is deemed 76 

synergism and has been observed as a tactical method to inhibit pathogen growth [12, 19, 22, 77 

24].  Not all compounds have this inherent property, especially as it relates to microbial 78 

inhibitory properties. For this purpose, the term “synergistan” is now proposed as a property 79 

possessed by any chemical compound when placed with another, resulting in microbial 80 

inhibitory activity greater than either compound alone. This report shows that the endophytic 81 

Gloeosporium sp. possesses VOCs with antimicrobial activity. However, in addition, certain 82 

small molecular weight compounds (synergistans), when placed with the fungus culture, 83 

yielded an added degree of antimicrobial activity to the combined gas phase of the fungus and 84 

the synergistans. A novel expression of this synergistic activity has been termed the median 85 

Synergistic Effect (mSE50), and it, too, is described in this report. Finally, the importance of this 86 

phenomenon to microbial ecology is also discussed. 87 

 88 

Materials and Methods 89 

Isolation, culturing and storing of Or-10 90 

The fungal endophyte used in this study was collected in coastal Washington State at 46˚ 38 N̍, 91 

123˚ 55 ̍ W from the branches of Tsuga heterophylla. Branch samples were dipped in 100% 92 
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ethanol and flamed for surface decontamination. To culture the endophytes living in the plant 93 

material, tissue was cut from the epidermal and pith tissues of the plant with a sterilized 94 

surgical scalpel, and the pieces were incubated at room temperature (23°C) on water agar (WA) 95 

for ten days with alternating 12 hour periods of light and dark exposure [1, 4, 9]. The endophyte 96 

designated OR-10 was hyphal tipped from the medium after growth from the plant material 97 

and was incubated on potato dextrose agar (PDA). After ten days, strong organic odors were 98 

being emitted by the culture. A culture of the endophyte was preserved by incubating it at 99 

room temperature on sterilized barley seeds that were then placed in a cryogenic vial 100 

containing 10% glycerol and frozen at -80°C in Montana State University’s living mycological 101 

culture collection as acquisition No. 2401.  102 

Morphological and phylogenetic identification of OR-10 103 

The endophytic fungus OR-10 was grown on WA with a small amount of sterilized branch 104 

material from its host plant (Tsuga heterophylla) for fifteen days to allow the formation of 105 

fruiting structures. Fruiting structures eventually arose on the plant material, and it was placed 106 

in filter paper packets and suspended in 2% glutaraldehyde in 0.1M sodium cacodylate buffer 107 

(pH 7.2-7.4) with Triton X (wetting agent), as previously described [7]. For scanning electron 108 

microscopy (SEM), the fungal material was dried to the critical point, gold sputter coated, and 109 

images were recorded with an XL30 ESEM FEG in high vacuum mode using the Everhart-110 

Thornely detector [7].  111 

       Phylogenetic analysis of OR-10 was carried out by the attainment of the internal transcribed 112 

spacer (ITS) and 18S ribosomal gene sequences. The fungus was grown on PDA for 7 days, after 113 
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which the genomic DNA was extracted using the Prepman Ultra Sample Preparation Reagent 114 

(Applied Biosystems, USA), according to the manufacturer’s guidelines. The ITS regions of the 115 

fungus were amplified with the universal ITS primers, ITS1 (5’-TCCGTAGGTGAACCTGCGG-3’) 116 

and ITS4 (5’-TCCTCCGCTTATTGATATGC-3’) using polymerase chain reaction (PCR) [25, 26]. The 117 

18S regions were amplified using the universal 18S primers, NS3 (5’-118 

GCAAGTCTGGTGCCAGCAGCC-3’) and NS4 (5’-CTTCCGTCAATTCCTTTAAG-3’) [25, 26]. The PCR 119 

conditions used were as follows: initial denaturation at 94°C for 3 min followed by 30 cycles of 120 

94°C for 15 s, 50°C for 30 s, 72°C for 45 s, and a final extension at 72°C for 5 min. The amplified 121 

product (5 µl) was visualized on 1% (w/v) agarose gel to confirm the presence of a single 122 

amplified band. The amplified products were purified using the Qiagen MinElute PCR 123 

Purification Kit (Qiagen Company, Germany). The purified products were sequenced by UC-124 

Berkeley DNA Sequencing Facility and the sequences were aligned to other GenBank sequences 125 

using the BLASTN program to ascertain the sequence homology with closely related organisms 126 

[2].  127 

Identification of VOCs 128 

Solid-phase micro-extraction gas chromatography and mass spectroscopy (SPME-GC/MS) was 129 

performed on the head space above a ten-day old culture of OR-10 grown on PDA in a Petri 130 

plate containing PDA as previously described [4]. The gas chromatograph was interfaced to a 131 

Hewlett-Packard 5973 mass selective detector (mass spectrometer) operating at unit 132 

resolution. Data acquisition and data processing were performed on the Hewlett-Packard 133 

CHEMSTATION software system. Initial identification of the unknown organic gases produced 134 
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by OR-10 was made through library comparison using the National Institute of Standards and 135 

Technology (NIST) database [4, 7]. Comparative analyses were conducted on control Petri 136 

plates containing only PDA. The compounds obtained from the control plate (PDA alone) were 137 

mostly styrene and a number of benzene derivatives. These compounds were removed from 138 

the data set obtained from the GC/MS of the fungal culture. Any compounds that were under a 139 

quality match of 70% were deemed unknown.  140 

Gas phase bioassay tests for volatile antimicrobials 141 

Bioassay tests were performed to assess the inhibitory activity of OR-10 against microbes using 142 

a gas phase bioassay test as previously described [17]. The test microbes that were used in this 143 

assay are as follows; Phytophthora palmivora, Rhizoctonia solani, Ceratocystis ulmi, 144 

Colletotrichum lagenarium, Verticillium dahlia, Botrytis cinerea, Sclerotinia sclerotiorum, 145 

Pythium ultimum, Trichoderma viridae, Cercospora beticola, Geotrichium candidum, Aspergillus 146 

fumigatus, and Fusarium solani (Table 2). To perform the gas phase bioassay, a 2.5cm wide strip 147 

of agar was removed from the middle of the Petri plate, leaving two half-moon sections of PDA 148 

[17]. This allowed the VOCs produced by OR-10 to interact with the microbes exclusively by gas 149 

phase with no contact through the agar medium. Next, OR-10 was inoculated on one of the 150 

crescent pieces of PDA for 10 days at 23°C to allow the organism to mature for the optimal 151 

production of VOCs. A plug of PDA (5x5x5 mm) containing the test microbe was placed on the 152 

half-moon section on the opposite side of the plate, then the petri plate was sealed and 153 

incubated for 48 hours at 23°C. After incubation, the radial growth of the mycelium from the 154 

test fungus was measured and recorded for comparison to the control, which was a PDA plate 155 
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containing only the untreated test fungus. The test with each designated assay organism was 156 

repeated three times for statistical relevance.  157 

Antimicrobial synergism of OR-10 with esters and acids  158 

Antimicrobial synergism between OR-10 and other compounds was tested under the conditions 159 

described above. Compounds suspected of being synergistans were esters as well as isobutryic 160 

acid selected, in part, on the basis of their presence in other VOC-producing bioactive fungi [7, 161 

9, 17]. These compounds included allyl acetate, n-decyl acetate, hexyl acetate, isobutyl acetate, 162 

isoamyl acetate, and phenethyl acetate. They were tested for their potential ability to inhibit 163 

the fungal pathogens Botrytis cinerea, Rhizoctonia solani and Ceratocystis ulmi which were 164 

selected because of their sensitivity to OR-10. The tests were run by incubating OR-10 on one 165 

half of a PDA plate for ten days, after which the test fungus was inoculated on the other half of 166 

the plate. The ten-day incubation period allowed OR-10 to reach optimal VOC production. A 167 

microwell was placed in the gap between the two half-moon pieces of PDA and an aliquot 168 

(ranging from 0.5µL to 10 µL) of the appropriate ester or acid was added. The microwell kept 169 

the test compound from diffusing directly into the medium, while still allowing it to enter the 170 

gas phase and interact with the VOCs produced by OR-10. The tests were run for 48 hours at 171 

23°C, after which the radial growth of the mycelia from the fungal test pathogens was 172 

measured. The assays were compared to three different PDA plate controls, including one 173 

containing only the test fungus (i.e. fungi pathogens), one with a microwell containing the test 174 

compound and the test fungus, and one with a gas phase assay, where OR-10 was inoculated 175 

for ten days on one PDA crescent and the test fungus was inoculated on the opposite crescent 176 
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with no test compound present. Assays were repeated at least three times for each condition. A 177 

two-tail T-test was used to determine the statistical relevant difference between the effect of 178 

the synergistan alone against the pathogen and the synergistan in the presence of OR-10 179 

against the pathogen and duly reported in the results section. 180 

 181 

Results 182 

Classification of endophytic isolate OR-10 as a member of Gloeosporium 183 

Morphological analysis of the isolated fungal endophyte OR-10 shows that this species fits the 184 

description of the fungal genus - Gloeosporium. When grown on PDA, the fungus exhibited 185 

white, creamy, non-aerial hyphae, and acervuli fruiting bodies formed when the fungus was 186 

grown on WA in the presence of its host plant material. The cultural characteristics were 187 

notably distinct and different from Trichoderma sp., which commonly displays a proliferation of 188 

rapidly growing aerial hyphae possessing a greenish tinge when grown at 23°C with day/night 189 

periods. When inoculated on PDA, Trichoderma sp. grows rapidly and covers the surface of the 190 

PDA on a 100mm petri dish within 2 days. After ten days on WA, Trichoderma sp. begins to 191 

form fruiting structures, something OR-10 commonly does only in the presence of its host plant 192 

material. Scanning electron micrographs of OR-10 grown on host plant material revealed 193 

acervuli with a size range of 450 x 500µm and spore sizes of 3x4µm (Fig. 1). Unfortunately, 194 

many of the spores collapsed due to the fixation process, but some spores maintained their cell 195 

wall integrity (Fig. 1D).  The fruiting structure morphology of OR-10 seen in the micrographs fits 196 

the description found in the literature of the characteristics of Gloeosporium sp., including 197 
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fruiting structures that form on host material [3, 13]. The morphological appearances of OR-10 198 

sharply contrast those commonly observed in Trichoderma spp. 199 

Phylogenetic identity of OR-10 by analysis of ITS-5.8S rDNA and 18S rDNA 200 

The ITS-5.8S rDNA sequence of OR-10 was amplified using the ITS1 and ITS4 primers, yielding a 201 

sequence of 551 base pairs. BLAST analysis of the ITS rDNA revealed that OR-10 was most 202 

phylogenetically similar to Trichoderma sp. (accession number KF367557.1) with an E value of 203 

zero. In addition to the ITS analysis, the 18S rDNA region was examined for a greater coverage 204 

of the genome. The 18S rDNA region was amplified using NS3 and NS4 primers and yielded a 205 

sequence of 531 base pairs. The BLAST analysis of this region resulted in the sequence being 206 

most phylogenetically similar to a Hypocrea nigricans strain FD12 18S ribosomal RNA gene 207 

(accession number KF527499.1), also with an E value of zero. Both 18S rDNA and ITS-5.8S rDNA 208 

of Gloeosporium sp. OR-10 have been submitted to GenBank with the assigned accession 209 

numbers ITS=KM261839 and 18S=KM261840. Both Trichoderma sp. and Hypocrea sp. are 210 

known telemorphs of each other that make freely-formed ascospores and conidiophores, 211 

respectively. Although ITS and 18S regions of the genome are used as phylogenetic marker 212 

genes, they provide little resolution to separate species, in contrast to whole genome 213 

comparisons. 214 

       Because OR-10 produces acervuli and not ascospores or conidiospores on freely formed 215 

conidiophores, it can be concluded that the isolated endophyte OR-10 is neither a Hypocrea sp. 216 

nor Trichoderma sp., although the ITS and 18S sequence data suggest otherwise. Although the 217 

fungal endophytic isolate OR-10 may be phylogenetically similar to Trichoderma and Hypocrea 218 
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based on the ITS-5.8S and 18S regions, it is not morphologically or phenotypically similar in any 219 

cultural or structural feature that we examined. Analysis of the SEM data and morphological 220 

comparison to previous isolates shows that OR-10 is identical to previously described 221 

Gloeosporium species [3, 13]. This work illustrates that disparities can and sometimes do exist 222 

between morphological observations on an organism and ITS and 18S sequence information. 223 

Therefore, it is critical that as many observations as possible be made on an organism before 224 

claims of identity are determined, especially as related to ecological and physiological 225 

processes. 226 

Production of VOCs and bioactivity of Gloeosporium sp. 227 

Sampled head space GC/MS of Gloeosporium sp. revealed the presence of terpene and furan 228 

derivatives, many of which have been observed as potential fungal inhibitors (Table 1). The 229 

most relatively abundant of these compounds was 6-Pentyl-2H-pyran-2-one, which constituted 230 

68.5% of the total VOCs produced by the endophyte (Table 1). This compound and its analogs 231 

have been observed in Trichoderma species and have been shown as useful fungal inhibitors [8, 232 

11]. When Gloeosporium sp. was grown for 10 days at 23°C on PDA, the VOCs of the endophyte 233 

proved to be inhibitory to several fungi, including Phytophthora palmivora, Rhizoctonia solani, 234 

and Ceratocystis ulmi, which had the least growth of the pathogens tested over a 48 hour test 235 

period (Table 2). Furthermore, high inhibition was observed in Colletotrichum lagenarium, 236 

Verticillium dahlia, Botrytis cinerea, Sclerotinia sclerotiorum, and Pythium ultimum (Table 2). 237 

The test organisms Trichoderma viridae, Cercospora beticola, Geotrichium candidum, 238 

Aspergillus fumigatus, and Fusarium solani were only slightly inhibited when tested against 239 
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Gloeosporium sp. (Table 2). The compound 2-pentyl-furan, which accounts for 10.8% of the 240 

VOCs produced by Gloeosporium sp. (Table 1), is also produced by Aspergillius sp. and Fusarium 241 

sp., which may explain the resilience exhibited by these species in the presence of the VOCs 242 

produced by Gloeosporium sp. [20]. Trichoderma sp. also produces VOCs similar to those 243 

emitted by Gloeosporium sp., which also may relate to the limited inhibition seen in the 244 

Aspergillius fumigatus and Fusarium solani. 245 

The function of exogenous organics as synergistans and the mSE50 246 

 Certain exogenously applied VOCs displayed a synergistic inhibitory effect against certain 247 

fungal plant pathogens when coupled with the VOCs of Gloeosporium sp. (Fig. 2 & 3). The 248 

organisms giving the best response were Ceratocystis ulmi, Rhizoctonia solani and Botrytis 249 

cinerea. Initially, allyl acetate, n-decyl acetate, hexyl acetate, isobutyl acetate, isoamyl acetate, 250 

and phenethyl acetate were tested to see if increased inhibition was possible against the test 251 

fungi by these exogenously applied esters. Of these six esters, only allyl acetate, n-decyl 252 

acetate, isoamyl acetate, and phenethyl acetate attained the characteristics of synergism when 253 

tested with these pathogens. To ensure that the effect was synergistic, a corresponding amount 254 

of ester was assayed alone against the test organisms in the absence of Gloeosporium sp. to 255 

determine if it possessed inhibitory activity (Fig. 2B). The bioassay using isoamyl acetate in the 256 

absence of Gloeosporium sp. was then compared to the bioassay using both the ester and 257 

Gloeosporium sp. by a two-tail T-test, which showed significance at P<0.05 for concentrations 258 

ranging from 0.5 to 4 µl (Fig. 2A). In the lowest amounts tested (i.e. 0.5-4.0 µl), these esters had 259 

either no effect on the test organism or some growth enhancement when examined in the 260 
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absence of Gloeosporium sp., indicating that the test ester by itself is not inhibitory to the test 261 

fungus in these amounts (Fig. 2B). Generally, it was only after a higher amount of the ester 262 

(alone) was applied in the bioassay that any inhibition was noted in the test organisms (Fig. 2B). 263 

However, when combined with the Gloeosporium sp., the inhibitory synergistic effects were 264 

noted at relatively low amounts of the ester (Fig. 2A).  265 

       Based on the observations noted above, it was possible to develop a mathematical 266 

expression of the “median Synergistic Effect” of a compound by the following description: “The 267 

median Synergistic Effect (mSE50) is represented by the amount of synergistan needed to bring 268 

about an added 50% increase in inhibition of any test organism over that observed with either 269 

of the synergistans tested alone under prescribed test conditions.” The value is obtained by 270 

plotting growth of the test organism vs. the amount of synergistan in the presence of the 271 

inhibitory fungus, i.e. Gloeosporium sp.  The points on each plot represent the average values 272 

obtained in at least three separate determinations for the inhibition by the putative 273 

synergistan. An evaluation was made of the amount of synergistan required to further reduce 274 

the growth of the test organism by 50%, thus exhibiting a 50% increase in growth inhibition 275 

above and beyond that produced by the inhibitory fungus alone.  This value is best obtained 276 

when there is minimal to no effect of the synergistan itself on inhibition of the test organism. 277 

Otherwise, any inhibitory activity of the synergistan itself will need to be taken into account.  As 278 

an example, the test organism, Ceratocystis ulmi, gave no reaction to any of esters when up to 279 

8 µl were used alone, but in the presence of Gloeosporium sp., there was an observable 280 

synergistic effect at low amounts ranging from 0.5-4 µl.  As a result, it was not necessary to 281 

subtract any inhibitory effect of any of the ester by itself on the growth of C. ulmi in order to 282 
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calculate the mSE50.  Ultimately, the mSE50 values for the tested compounds showed that 283 

isoamyl acetate produced the best synergistic effect on the test organisms by virtue of 284 

possessing the lowest mSE50 values, followed by ally acetate and isobutyric acid on the test 285 

organisms (Table 3). Overall, the mSE50 does represent a workable mathematical expression of 286 

the potential comparative synergistic value for a test compound. Thus, it can be concluded, the 287 

lower the mSE50, the better the synergistic effect. 288 

       A previously described bioactive endophytic fungus Muscodor albus produces isoamyl 289 

acetate, which has been shown to contribute to the activity of the fungus [7, 17, 19]. Thus, by 290 

supplementing the bioassay with isoamyl acetate, a higher inhibition level was achievable, due 291 

to the synergism seen between the ester and the VOCs of Gloeosporium sp. (Fig. 2A). This effect 292 

is apparent when comparing the amount of inhibition observed in the presence and absence of 293 

the ester (Fig. 2, Table 3). 294 

       Data from GC/MS shows that Gloeosporium sp. does not produce any carboxylic acids, a 295 

component that has been shown to increase the bioactivity of endophytic fungi (Table 1) [7, 296 

19]. Isobutyric acid, a carboxylic acid found in the VOCs produced by M. albus, was added in 297 

increasing amounts to bioassay tests, and it, too, increased the inhibition of certain pathogens 298 

in a synergistic manner (Fig. 3A, Table 3).  299 

       Finally, to this end, isoamyl acetate and 6-pentyl-2H-pyran-2-one were tested in 300 

combination in the bioassay, resulting in greater inhibitory activity in combination than that 301 

observed when the compounds were tested alone, confirming the observations in Figure 2  302 

(Schiable and Strobel, unpublished observations). The same effect was also noted when 303 
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isobutyric acid was used in the bioassays (Schaible and Strobel, unpublished observations). 304 

Thus, these compounds would all be considered synergistans.  305 

 306 

Discussion 307 

The endophyte OR-10 was isolated from small stems of Tsuga heterophylla (Fig. 1). The ITS5.8 308 

and 18S phylogenetic data described the organism as most similar to Hypocrea and 309 

Trichoderma species, but cultural characteristics along with scanning electron micrographs of 310 

the fruiting organism showed conflicting data to the 18S and ITS sequence information. The 311 

morphology of OR-10 grown on PDA for 10 days varies widely from that of Trichoderma viridae 312 

grown on PDA for 10 days. OR-10 grows close to the surface of the PDA agar and maintains a 313 

white appearance, while Trichoderma viridae sends hyphae upwards and, after 5 days, begins 314 

to turn green due to spore formation. Though the organisms are similar based on the 315 

nucleotide level of two alleles and secondary volatile products formed, they appear to be 316 

distinctly different based on morphology (Table 1). Because of the distinct differences in 317 

morphology between OR-10 and the fungal species Hypocrea and Trichoderma, the fungal 318 

endophyte was characterized as a member of the acervuli-forming Gloeosporium group. This 319 

finding, in conjunction with previous research, has shown that fungal species can be 320 

misclassified by their ITS and 18S genes [6, 28]. Limiting the phylogenetic analysis to one or two 321 

genes neglects the majority of the genome, providing poor resolution of genetic diversity within 322 

the organism. This needs to be taken into account especially by those workers who are doing 323 

metagenomic studies and then proceeding to make broad statements about the identity of 324 

varioius microorganisms without ever examining them. 325 
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 326 

Strong organic odors produced by this fungus are primarily attributed to a mixture of 2-pentyl-327 

furan and 6-pentyl-2H-pyran-2-one (Table 1). Biological activity tests using Gloeosporium sp. 328 

showed impressive inhibition against an array of pathogenic fungi, including Phytophthora 329 

palmivora, Botrytis cinerea, Rhizoctonia solani and Ceratocystis ulmi. It has been previously 330 

demonstrated that esters and small organic acids are often a major contributor to the biological 331 

activity of VOCs produced by fungi, as seen in Muscodor albus [17]. Since Gloeosporium sp. did 332 

not produce any detectable esters or acids, it was hypothesized that the addition of individual 333 

esters or acids would result in increased biological activities in the inhibition tests as per earlier 334 

studies [19]. Subsequently, testing of the endophyte and the additional individual esters allyl 335 

acetate, n-decyl acetate, isoamyl acetate, and phenethyl acetate against Botrytis cinerea, 336 

Rhizoctonia solani and Ceratocystis ulmi showed increased inhibition (Fig. 2). While the addition 337 

of either hexyl acetate or isobutyl acetate resulted in no increased inhibition, each of the other 338 

esters that were tested showed enhanced biological activity or a synergistic effect.  Virtually the 339 

same enhanced inhibitory effect was noted upon the addition of isobutyric acid to the bioassay 340 

test (greater than with isobutyric acid alone) (Fig. 3).  It became obvious that some exogenously 341 

added organic compounds were capable of producing added inhibitory (synergistic) effects with 342 

the VOCs of Gloeosporium sp. against the test organisms (Figs. 2 & 3).  343 

       In a comparable case, Oidium sp. produces a wide-ranging mixture of esters, and enhanced 344 

biological activity (synergism) of the VOCs of this organism was noted with the addition of 345 

isobutyric acid [19]. It is obvious that some esters, small organic acids and other volatiles have 346 

the potential to act synergistically, resulting in greatly enhanced inhibitory or antimicrobial 347 

heatherm
Rectangle

heatherm
Rectangle



 
17 

 

activities. In a manner that provides new meaning to substances that have this 348 

chemical/biological potential, we a novel and descriptive name is proposed to such compounds: 349 

“synergistans”.  Some compounds that have been tested that fit this description, besides the 350 

examples in this report, are propanoic acid with isoamyl hexanoates (Strobel, unpublished), 351 

isobutyric acid with isoamyl acetate (Strobel, unpublished), and a mixture of esters with 352 

isobutyric acid [19]. 353 

       Synergistans are widely present in nature. For example, isobutyric acid and isoamyl acetate 354 

are volatile products of M. albus and a number of other isolates of this fungus [7, 10, 17]. 355 

Furthermore, in cases with other species of Muscodor, such as M. crispans and M. sutura, 356 

isobutyric acid is present and so, too, are a plethora of esters that undoubtedly enhance the 357 

biological activity of these fungal species by virtue of one or more synergistic activities [10]. 358 

From a physiological and ecological perspective, it is easy to imagine that plants inhabited with 359 

endophytes making compounds behaving as synergistans may be provided protection from 360 

pathogenic microbes that are sensitive to these compounds (Table 2). Synergistans hold 361 

promise in helping to control unwanted microorganisms from agricultural, industrial and 362 

medical situations, as well as for replacing overly-used antibiotics in these settings.  363 
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Figure 1. Scanning electron micrographs showing the fruiting structures and spores of 466 
Gloeosporium sp. (OR-10) grown on water agar with its host plant, Tsuga heterophylla. A and B. 467 
The acervulus of Gloeosporium sp. (450 x 500µm) forming on plant host materials. C and D. The 468 
spore size measured 3 x 4 µm forming on condiophores. It appears that the spore wall is fragile, 469 
and the micrograph fixation process caused the collapse of the individual spores, resulting in 470 
their bowl shape. Spores circled in D are examples of spores that were more or less capable of 471 
withstanding the fixation process and did not totally collapse. 472 
 473 
 474 

 475 
 476 
  477 
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Table 1.  A GC/MS head space analysis of the volatile compounds produced by Gloeosporium 511 
sp. after 10 days of incubation at 23°C on PDA. Compounds that were also present in a control 512 
PDA plate have been removed from the analysis so only the VOCs produced by OR-10 are 513 
shown. Compounds with a quality match of less than 70% are listed as unknown. Abbreviations 514 
used: RT (retention time in minutes), RA (relative area), MW (molecular weight). 515 
 516 

RT RA Possible Compound MW Quality % Volume  
11.54 17.475 Furan,   2 – pentyl –  138 94 12.66 
17.04 0.384 2 – n – Heptylfuran 166 95 0.28 
20.82 1.016 2-Norpinene 204 91 0.74 
30.78 0.286 Nerolidol 2 222 91 0.21 
33.79 94.532 2H-Pyran-2-one,   6-pentyl- 166 91 68.46 
 

24.391 Unknown  
<70 17.66 

 517 
 518 
  519 
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Table 2. Effects of a 12-day old culture of Gloeosporium sp. VOCs on fungal pathogens. 520 
Inhibition values were calculated as a percentage of growth inhibition when compared to an 521 
untreated control test organism after 48 hours of exposure. Tests were conducted in triplicate 522 
and results varied as indicated by standard deviations. The pathogens were still viable once 523 
removed from the test plate after the two day incubation period and were not killed by the 524 
VOCs of Gloeosporium sp. No organisms were completely killed by the VOCs from OR-10. 525 
Species with an asterisk (*) next to them were used in the synergy tests.  526 
 527 
 528 

Test Microbe % Inhibition against control 
after 2 days Pathogen fatalities 

Aspergillus fumigatus 15.2% (± 7.2)   
Botrytis cinerea* 54.4% (± 35.8)   
Ceratocystis ulmi* 75.5% (± 36.2)   
Cercospora beticola 15.0% (± 11.6)   
Colletotrichum lagenarium 48.0% (± 41.1)   
Fusarium solani 6.9% (± 5.3)   
Geotrichium candidum 22.0% (± 11.8)   
Phytophthora palmivora 100.0% Not killed 
Phytopthera cinnamomi 17.9% (± 15.3)   
Pythium ultimum 33.1% (± 28.0)   
Rhizoctonia solani* 83.3% (± 33.4)   
Sclerotinia sclerotiorum 37.3% (±7.9)   
Trichoderma viridae 9.4% (± 5.1)   
Verticillium dahliae 48.2% (± 43.2)   
 529 
  530 
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Table 3. The mSE50 values calculated for the synergisitic effect of various synergistans on the 531 
growth of a series of test organisms. The mSE50 is the amount (µl) of synergistan needed to 532 
bring about an additional 50% inhibition of the growth of the test organism under the 533 
conditions outlined in the Materials & Methods. The values presented are the best estimates 534 
made by plotting growth vs. amount of the test compound placed in the assay. The test using 535 
the ester decyl acetate (alone) against Rhizoctonia solani resulted in the test organism 536 
exhibiting a greater inhibition than the synergistic effect of the ester and Gloeosporium sp, thus 537 
no mSE50 could be calculated. 538 
 539 
 540 

mSE50 in µl for the Test Organism 541 
Compound tested as 
a synergistan 

Rhizoctonia solani 

µl 

Botrytis cinerea 

µl 

Ceratocystis ulmi 

           µl 

Allyl acetate 1.84 6.16 1.29 
Decyl acetate N/A 8.29 0.38 
Isoamyl acetate 2.00 2.54 1.69 
Phenethyl acetate 1.73 14.03 0.40 
Isobutyric acid 3.17 7.40 4.72 

 542 
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