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			Actinomycete bacteria are often associated with insects that have a mutualistic association with fungi. These bacteria are believed to be important to this insect–fungus association as they produce antibiotics that exclude other saprophytic fungi from the immediate environment. The aim of this study was to investigate the presence of potentially protective actinomycetes associated with Orthotomicus erosus, an alien invasive pine bark beetle, in South Africa. This bark beetle and its relatives have an association with Ophiostomatales species which are often the only fungi found in the bark beetle galleries. We hypothesised that antibiotic-producing actinomycetes could be responsible for the paucity of other fungi in the galleries by producing compounds to which the Ophiostoma spp. are tolerant. Several actinomycetes in the genus Streptomyces and one Gordonia sp. were isolated from the beetle. Interestingly, most isolates were from the same species as actinomycetes associated with other pine-infesting insects from other parts of the world, including bark beetles and the woodwasp Sirex noctilio. Most actinomycetes isolated had strong antifungal properties against the selected test fungi, including Ophiostoma ips, which is the most common fungal symbiont of Orthotomicus erosus. Although the actinomycetes did not benefit Ophiostoma ips and the hypothesis was not supported, their sporadic association with Orthotomicus erosus suggests that they could have some impact on the composition of the fungal communities present in the bark beetle galleries, which is at present poorly understood.

			Significance:

			
					•	Discovery of four putative undescribed Streptomyces spp. with antibiotic potential

					•	First record of the introduction of actinomycete bacteria with pine-infesting insects into South Africa

					•	Actinomycetes from South Africa group with undescribed Streptomyces spp. from pine-infesting insects of North America
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			Introduction

			The European bark beetle Orthotomicus erosus (Curculionidae: Scolytinae) is an introduced pine-infesting pest in South Africa.1 It typically infests stressed or dying trees and introduces blue stain fungi that invade the sapwood and depreciate the timber value.1,2 The blue stain fungus Ophiostoma ips (Ascomycota: Ophiostomatales) is the dominant associate of O. erosus in South Africa, but several other related fungi co-occur with this species in the beetle galleries.3 Although O. ips consistently co-occurs with O. erosus at varying frequencies3,4, it is not a serious pathogen to living pine trees5 and its role as symbiont remains uncertain, as is the case with most ophiostomatoid fungi associated with conifer-infesting bark beetles6. Although the fresh bark beetle galleries represent an environment rich in nutrients and other growth substrates, it is remarkable that this niche is seldom overgrown with common mould fungi. 

			The presence of primarily Ophiostoma spp. and their relatives and the lack of contaminating moulds in the galleries of the beetles has raised the question as to the factors that increase the fitness of fungi commonly associated with the insect, over other fungi expected to be found in these environments. One possibility is that antibiotic-producing actinomycetes could play a role in this symbiotic relationship. In this regard, actinomycetes are the most important producers of antibiotics7 with more than 100 000 antibiotic compounds estimated to be produced by members of the genus Streptomyces8. The formation of heat and desiccation-resistant spores is also a common feature of these bacteria7 and the hydrophobicity of their spores can facilitate their transport9. All these features could be important in their association with arthropods such as insects and mites.10 

			There are various symbiotic communities in which insects exploit actinomycetes to produce metabolites for protection.10-13 Examples include attine ants (Attini: Formicidae) that have co-evolved with actinomycetes in the genus Pseudonocardia to protect their food source against a parasite.11 The ants cultivate a basidiomycete fungus that is used for nutrition,11 but the fungal garden can be parasitised by another fungus (Escovopsis spp.), thus threatening the survival of the entire colony. Secondary metabolites produced by the actinomycetes residing on the ants’ integuments protect the crop by inhibiting the growth of Escovopsis.11,12 Actinomycete–insect symbioses also occur with the southern pine beetle, Dendroctonus frontalis (Curculionidae: Scolytinae), in its native environment in the USA.13 Survival of larvae in the galleries of these beetles is negatively impacted by Ophiostoma minus, a fungal symbiont of mites that competes with the fungal mutualist, an Entomocorticium sp., of the beetle. Streptomyces symbionts in the mycangium of D. frontalis produce antibiotics that inhibit the growth of O. minus, whereas the mutualistic fungus is tolerant to the antibiotics.13 

			The aim of this study was to isolate and identify putative actinomycete symbionts from the invasive O. erosus in South Africa, and to determine whether they have antifungal properties that might be important in this niche. We hypothesised that actinomycete symbionts of O. erosus produce antifungal compounds, similar to cycloheximide that is known to have broad antifungal effects except on Ophiostoma spp. and their relatives.14,15 We expect that these compounds will negatively affect the fitness of potentially competing saprophytic fungi from the galleries.
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			Materials and methods

			Bacterial isolation

			Orthotomicus erosus galleries were collected from dead Pinus patula trees in the Lothair plantation, Mpumalanga Province, South Africa. In total, 40 beetles were removed from these galleries and individually crushed in sterilised 10% phosphate-buffered saline solution (PBS). Three tenfold serial dilutions were prepared for each sample using 10% PBS. 

			An aliquot of 100 μL of each dilution was inoculated onto chitin agar16 in duplicate, supplemented with antibiotics (cycloheximide 5 mg/L and nystatin 10 000 units/L).12 These plates were incubated for approximately 30 days at 28 °C during which they were inspected daily for growth. Isolates presumed to be actinomycetes based on their morphology were selected and inoculated onto yeast malt extract glucose agar (YMEA) – consisting of 1% malt extract (Biolab Diagnostics, Johannesburg, South Africa), 0.4% yeast extract (Oxoid, Hampshire, England), 0.4% D-glucose (Merck Chemicals, Johannesburg, South Africa) and 0.12% bacteriological agar (Biolab Diagnostics)12 – and incubated at 28 °C until sufficient growth had occurred.

			DNA sequencing

			Fifteen isolates were collected and DNA was extracted using a Quick-gDNA™ MiniPrep kit (Zymo Research, Orange, CA, USA). The 16S rRNA gene was amplified and partially sequenced using the primers pA and pH previously designed by Edwards et al.17 Subsequently, the trpB (tryptophan synthase β-subunit), rpoB (RNA polymerase β-subunit) and gyrB (DNA gyrase β-subunit) genes were amplified for eight of the strains grouping with other pine associated Streptomyces isolates. Amplification of the trpB and rpoB genes followed the methods of Guo et al.18 and that for the gyrB gene followed the method of Rong et al.19 All reactions were performed on a Veriti™ Thermal Cycler (Applied Biosystems, Foster City, CA, USA) using Super-Therm Taq polymerase (Southern Cross Biotechnology, Cape Town, South Africa). Polymerase chain reaction (PCR) products were verified using agarose gel electrophoresis and purified using E. coli exonuclease I and alkaline phosphatase. 

			Sequencing of the PCR products for 16S rRNA, gyrB, rpoB, trpB was performed using the ABI BigDye Terminator v3.1 (Applied Biosystems) following the protocols previously described.17-19 Precipitation of sequencing reactions was done through sodium acetate precipitation and the sequencing products were analysed on an ABI 3130 sequence analyser (Applied Biosystems).

			A BLASTN20 search was performed to identify the closest matching sequences in GenBank21. A search was also performed against the Ribosomal Database Project (RDP)22 using the Seqmatch platform. Similar sequences were downloaded for phylogenetic analyses. Sequences representing the closely related type strains were also obtained. 

			Phylogenetic analyses

			To determine the relationship between sequences obtained and the published reference sequences, a phylogenetic tree based on the 16S rRNA sequence alignment was constructed employing a maximum likelihood analysis. The alignment was made using the online version of MAFFT version 6.23 In addition, a concatenated alignment consisting of the gyrB, rpoB and trpB genes of a selected number of isolates were made using SequenceMatrix.24 The appropriate nucleotide substitution model was selected for both sets of genes using JModeltest version 2.1.1.25,26 Phylogenetic tree construction was performed using the maximum likelihood approach in PhyML version 3.0.25 The models used were TIM3+I+G (16S rRNA) and GTR+I+G (gyrB, trpB and rpoB).25,26 Trees were visualised using Mega 5.05.27 

			Dual-plate bioassay challenges

			A preliminary assay was performed for all 15 actinomycete isolates to serve as a selection step for further antifungal assays. Four different isolates were inoculated onto the four quadrants of YMEA plates and these were incubated for 2 weeks. These test plates were then inoculated with a Trichoderma sp. by placing a plug, 15 mm in diameter, at the centre of the pre-inoculated plate. Any isolates showing antifungal activity were subjected to further in-vitro assays.

			Bioassay challenges were done for the selected isolates following the approach of Cafaro and Currie12. Streptomyces isolates were inoculated (10 mm in diameter) onto a 90-mm Petri dish containing YMEA.12 These plates were incubated for 21 days. Three fungal species were chosen for use in bioassays. These three species were the most common fungal associate of O. erosus (O. ips), a common saprophyte (Trichoderma sp.) and a commonly occurring pine endophyte (Diplodia sapinea). D. sapinea and Trichoderma spp. are regularly isolated from pine wood and are potential competitors of O. ips (Table 1). Isolates were obtained from the Culture Collection of the Forestry and Agricultural Biotechnology Institute (FABI) of the University of Pretoria. A single 15-mm fungal plug was inoculated at the edge of the 21-day-old plates and incubated at 25 °C until sufficient growth on control plates was observed. Two repeats were performed for each pairing. Plates were examined and the average zone of inhibition measured for all the bioassay challenges.

			Table 1:	Results of bioassays in which actinomycete isolates were tested for their ability to inhibit growth of Trichoderma sp. (a saprophyte), Diplodia sapinea (an endophyte) and Ophiostoma ips (a fungal symbiont)
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			Inhibition zones: +++, 15 mm; ++, 10 mm; +, 5 mm

			Following the above-mentioned challenges, the beetle symbiont fungus O. ips, and one of the bacteria (isolate BCC1988), were simultaneously inoculated on YMEA plates. Isolate BCC1988, representative of the most commonly recurring phylogenetic group associated with the beetle, was inoculated at the centre of 90-mm Petri dishes and a single 15-mm O. ips plug was inoculated at the edge of the same plate. This plate was incubated at 25 °C until sufficient growth had been observed and the result was recorded. This trial was repeated.
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			Results

			Isolates and DNA sequence based identifications 

			Fifteen actinomycete isolates were obtained from the 40 O. erosus individuals collected in this study (Table 2; Figure 1). These isolates were obtained from 11 different beetles, with one isolate representative of each actinomycete taxon selected from each beetle. Partial 16S rRNA sequences were obtained for all 15 isolates. Isolates were all initially identified based on the best matches for the 16S rRNA gene sequences in GenBank and the RDP database. Based on these data, all but one isolate (a species of Gordonia) belonged to the genus Streptomyces. Isolates were deposited in the Bacterial Culture Collection (BCC) of FABI, and 16S rRNA (Table 2) and protein-coding gene sequences (Table 2) were deposited in NCBI GenBank. 

			Table 2:	Streptomyces isolates for which sequences were produced in this study (GenBank accession numbers in bold type) and reference sequences generated in previous studies (GenBank accession numbers in normal type)

			
				
					
					
					
					
					
					
				
				
					
							
							

						
							
							

						
							
							

						
							
							Gene region

						
					

					
							
							Species

						
							
							Isolate numbers*

						
							
							16S rRNA

						
							
							trpB

						
							
							rpoB

						
							
							gyrB

						
					

					
							
							Streptomyces phaeoluteichromatogenesT

						
							
							NRRL B-5799

						
							
							AJ391814

						
							
							HG423654

						
							
							HG423678

						
							
							HG423666

						
					

					
							
							S. misionensisT

						
							
							CBS 885.69

						
							
							EF178678

						
							
							HG423655

						
							
							HG423679

						
							
							HG423667

						
					

					
							
							S. ambofaciensT

						
							
							NRRL ISP-5053

						
							
							AB184182

						
							
							HG423656

						
							
							HG423681

						
							
							HG423668

						
					

					
							
							S. lienomyciniT

						
							
							NRRL B-16371

						
							
							AJ781353

						
							
							HG423657

						
							
							HG423683

						
							
							HG423669

						
					

					
							
							S. rubrogriseusT

						
							
							NRRL B-16375

						
							
							AB184681

						
							
							HG423658

						
							
							HG423684

						
							
							HG423672

						
					

					
							
							S. collinusT

						
							
							NRRL B-5412

						
							
							AB184123

						
							
							HG423659

						
							
							HG423680

						
							
							HG423671

						
					

					
							
							S. levisT

						
							
							NRRL B-16370

						
							
							AB184670

						
							
							HG423660

						
							
							HG423682

						
							
							HG423670

						
					

					
							
							S. janthinusT

						
							
							CBS 909.68

						
							
							AB184851

						
							
							HG423661

						
							
							HG423685

						
							
							HG423673

						
					

					
							
							S. albidoflavusT

						
							
							CBS 416.34

						
							
							AB184255

						
							
							FJ406450

						
							
							FJ406439

						
							
							FJ406417

						
					

					
							
							S. cinereorectus1

						
							
							NRRL B-16360

						
							
							AB184646

						
							
							EF661795

						
							
							EF661774

						
							
							EF661732

						
					

					
							
							Streptomyces sp. SA3ActG 

						
							
							SA3ActG29

						
							
							HM235477

						
							
							NZ_ADXA01000162

						
							
							NZ_ADXA01000004

						
							
							NZ_ADXA01000012

						
					

					
							
							Streptomyces sp. SPB078 13,28

						
							
							SPB07810,25

						
							
							EU798708

						
							
							NZ_GG657742

						
							
							NZ_GG657742

						
							
							NZ_GG657742

						
					

					
							
							Streptomyces sp. SPB074 

						
							
							SPB07428

						
							
							EU798707

						
							
							NZ_GG770539

						
							
							NZ_GG770539

						
							
							NZ_GG770539

						
					

					
							
							Streptomyces sp. 

						
							
							BCC1191

						
							
							HG423693

						
							
							HG423662

						
							
							HG423689

						
							
							HG423675

						
					

					
							
							Streptomyces sp. 

						
							
							BCC1192

						
							
							HG423694

						
							
							HG423663

						
							
							HG423688

						
							
							HG423677

						
					

					
							
							Streptomyces sp. 

						
							
							BCC1195

						
							
							HG423697

						
							
							HG423664

						
							
							HG423686

						
							
							HG423676

						
					

					
							
							Streptomyces sp. 

						
							
							BCC1188

						
							
							HG423690

						
							
							HG423665

						
							
							HG423687

						
							
							HG423674

						
					

					
							
							Streptomyces sp. 

						
							
							BCC1194

						
							
							HG423696

						
							
							KM031100

						
							
							KM031094

						
							
							KM031096

						
					

					
							
							Streptomyces sp. 

						
							
							BCC1189

						
							
							HG423691

						
							
							KM031103

						
							
							KM031095

						
							
							KM031099

						
					

					
							
							Streptomyces sp. 

						
							
							BCC1193

						
							
							HG423695

						
							
							KM031101

						
							
							KM031093

						
							
							KM031098

						
					

					
							
							Streptomyces sp. 

						
							
							BCC1190

						
							
							HG423692

						
							
							KM031102

						
							
							KM031092

						
							
							KM031097

						
					

					
							
							Streptomyces sp.

						
							
							BCC1196

						
							
							HG423703

						
							
							

						
							
							

						
							
							

						
					

					
							
							Streptomyces sp.

						
							
							BCC1197

						
							
							HG423702

						
							
							

						
							
							

						
							
							

						
					

					
							
							Streptomyces sp.

						
							
							BCC1198

						
							
							HG403701

						
							
							

						
							
							

						
							
							

						
					

					
							
							Streptomyces sp.

						
							
							BCC1200

						
							
							HG403700

						
							
							

						
							
							

						
							
							

						
					

					
							
							Streptomyces sp.

						
							
							BCC1203

						
							
							HG423699

						
							
							

						
							
							

						
							
							

						
					

					
							
							Streptomyces sp.

						
							
							BCC1204

						
							
							HG423698

						
							
							

						
							
							

						
							
							

						
					

				
			

			

			TType strains

			*NRRL, Northern Regional Research Laboratory culture collection, maintained by the USDA Agricultural Research Service, Peoria, Illinois, USA; CBS, Centraalbureau Voor Schimmelcultures, Utrecht, the Netherlands; BCC, Bacterial Culture Collection, Forestry and Agriculture Biotechnology Institute, University of Pretoria, Pretoria, South Africa. 

			References to the publications in which three unnamed isolates (SA3ActG, SPB078, SPB074) from private collections were studied, are provided at the isolate numbers.
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			Figure 1:	Maximum likelihood tree representing the 16S rRNA gene of all isolates from this study (in bold type) with closest matching type strains and isolates from other pine-infesting insects. Type strains are indicated by (T) and host names are included for sequences from Streptomyces spp. from pine-infesting insects. Streptomyces arenae was used as the outgroup.

			Phylogenetic analysis

			16S rRNA

			According to RDP Seqmatch, 8 of the 14 isolates initially identified as Streptomyces spp. had sequences most similar to the sequence of the type strain of S. ambofaciens. In the 16S rRNA based phylogenetic analysis, these isolates grouped in a single clade together with isolates from other pine-infesting insects. This clade had 94% bootstrap support (Figure 1). Another isolate from the southern pine beetle13,28 associated with this group, but the grouping was not well supported. None of the type strains’ sequences formed part of this clade.

			Two of the remaining isolates clustered closely with S. sanglieri and S. atratus in a well-supported group (99%). A further two isolates were related to the latter isolates but were clearly separated from the initial clade and formed a separate clade. Of the remaining isolates, BCC1197 grouped most closely with the type strain sequence (Streptomyces alni), but was well separated and there was no clear bootstrap support for their association. 

			Although separate from the type strains of S. griseochromogenes and S. resistomycificus, BCC1196 formed a well-supported (88%) cluster with these type strain sequences (Figure 1). 
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			Multi-locus sequence analysis

			All Streptomyces spp. isolates from pine-infesting insects, including eight isolates from this study, formed a clade with 100% bootstrap support in the multi-gene phylogeny (Figure 2). This clade was split between a branch consisting of a single isolate from D. frontalis (Streptomyces spp. SPB074)13,28 and another clade that contained two branches, one with the eight isolates from this study and the other a clade with isolates from Sirex noctilio (Streptomyces sp. SA3ActG)29 and D. frontalis (Streptomyces spp. SPB074) 28. All of these branches were well supported. The type strain sequence matching most closely to the larger clade, including all isolates from pine-infesting insects, was S. albidoflavus.

			[image: Fig_2_MLSA_Tree.TIF]

			Figure 2:	Maximum likelihood tree representing concatenated nucleotide sequence alignments of the gyrB, rpoB and trpB genes of nine Streptomyces type strains, eight isolates from this study (bold type) and three Streptomyces strains isolated from other pine-infesting insects, as retrieved from the literature.10,25,26 Streptomyces cinereorectus was used as the outgroup.

			Dual-plate bioassay challenges

			In preliminary antifungal assays, 11 of the 15 cultures were found to have moderate to strong inhibitory effects on the Trichoderma sp. These 11 isolates were used in the subsequent in-vitro antifungal assays (Table 1). All of these actinomycete strains inhibited the three fungal species D. sapinea, Trichoderma sp. and O. ips, but to varying degrees. Of the three fungi, O. ips was the most strongly inhibited (Table 1).

			The phylogenetically related isolates had similar levels of activity against the test fungi (Table 1). The isolates most similar to S. ambofaciens (BCC1988, BCC1989, BCC1990, BCC1991, BCC1992, BCC1993, BCC1994, BCC1995) all displayed moderate to strong (6–10 mm) levels of inhibition against both the Trichoderma sp. and D. sapinea. These isolates had even higher levels of inhibition when tested against O. ips. Most other isolates with antifungal activity had moderate to strong inhibitory activity against Trichoderma sp. and D. sapinea, with a higher or very strong activity against O. ips. Isolate BCC1197 had very strong inhibitory activity against all test fungi.

			When isolate BCC1188, representing the group of most common actinomycete isolates, and O. ips were simultaneously inoculated on fresh growth medium, in contrast to the previous assay in which O. ips was inhibited, fungal growth occurred until they came into close contact (Figure 3). Furthermore, living fungal material could still be isolated from the edges of the O. ips culture despite inhibition, showing that the fungus had not been killed by the actinomycete. 

			[image: Figure_3_Assay1.tif]

			Figure 3:	Bioassay challenge with isolate BBC1188 and Ophiostoma ips simultaneously inoculated (right) and bacteria inoculated 2 weeks before fungi (left) on yeast malt extract agar. This figure illustrates how a fungal isolate can grow uninhibited with a bacterial culture when inoculated at the same time.

		

	
		
			

			South African Journal of Science (Research Article)

			Antifungal actinomycetes associated with the pine bark beetle

			Discussion

			In this study, 15 actinomycete isolates were collected from adult O. erosus beetles that infest Pinus spp. in South Africa. These bacteria were identified as actinomycetes based on colony morphology and comparisons of the 16S rRNA sequence data. The majority of these isolates represented Streptomyces spp. Although relatively few isolates of actinomycetes were recovered during this preliminary study, these bacteria appear to frequently encounter O. erosus. This is the first time that members of the actinomycetes have been reported from this or any other tree-infesting bark beetle in South Africa.

			Based on the 16S rRNA phylogeny, one group of bacteria was consis­tently isolated from O. erosus. Comparison of the eight strains included in this group revealed that they grouped within one of the three clades of Streptomyces spp. that were identified by Hulcr et al.30 This clade also included a strain isolated from the pine-infesting beetle D. frontalis13,28 and cellulose degrading Streptomyces spp. associated with a pine-infesting siricid wasp, Sirex noctilio30,31. Further analysis based on several housekeeping genes showed that isolates from S. noctilio and D. frontalis from the USA were closely related with the isolates from O. erosus in South Africa. These isolates most likely represent the same species. This lineage is also associated with another isolate from D. frontalis, and they most likely share a common ancestor. The clade formed by our isolates and those from S. noctilio and D. frontalis was identified in another study.32 Several previously reported isolates from pine-infesting insects13,28,30,31 were grouped into two clades, based on their core genomes. One of these clades, containing a single isolate from both S. noctilio31 and D. ponderosae had remarkable lignocellulose digestion capacity. Another group, containing the exact isolates from S. noctilio31 and D. frontalis13 used in our phylogeny, had significantly less lignocellulose hydrolytic capabilities. The data suggest that this undescribed Streptomyces species has a strong association with insects associated with pine trees and that it could be a common inhabitant in this niche. According to Book et al. 32, one of their clades of Streptomyces isolates is well adapted to thrive and utilise the abundant lignocellulosic substrates in the pine tree environment. The exact niche for members of the clade containing isolates from this study remains unclear, but our findings suggest that they are common and often encountered by pine-infesting insects, although a strong biological association with O. erosus is precluded by their low frequency.

			The low frequency at which the actinomycetes were isolated in this study corresponded with the findings of Hulcr et al.30 who found that Streptomyces associates of North American bark beetles occur at low frequency. These low frequencies preclude definite conclusions regarding specific interactions between beetles and actinomycetes. The low frequency of isolation also suggests that this association is not essential for the beetles and fungi involved. However, our results suggest that it is most likely not a completely random association. Wider sampling, throughout the life cycle of the beetle and using more sensitive techniques (e.g. next-generation sequencing), will be required to conclude on the true frequency of interaction between these organisms. One possible scenario is that Streptomyces spores are more numerous on beetles when emerging from galleries and less abundant on beetles at the end of their life cycle – which is when they were sampled in this study. Contaminating bacteria from galleries could also preclude successful isolation of slower-growing actinomycetes. 

			The bioassays to test the potential effect of the Streptomyces spp. on fungi in O. erosus galleries showed that several of these bacteria have antifungal properties. The selection of test fungi used for the assay included a common saprophyte (Trichoderma sp.), an endophyte and opportunistic pathogen of Pinus spp. (D. sapinea), and the fungal symbiont of O. erosus. The levels of inhibition varied amongst test strains, ranging from weak to very strong. The most frequently isolated strains were able to inhibit all test fungi, including O. ips, the most common fungal symbiont to O. erosus. Previous studies on insect–fungus associated actinomycetes have suggested that beneficial fungi should be inhibited to a lesser extent than parasitic or other saprobic fungi.11-13 The beneficial fungal associate of the southern pine beetle is weakly inhibited compared with the parasitic O. minus.13 This is also commonly believed to be the case in fungus-growing ants, in which the observed inhibition against Escovopsis spp. is higher than that against the mutualistic basidiomycetes11,12, although some have suggested that the beneficial cultivar is also harmed33. This result suggests that Streptomyces isolates collected in this study are unlikely to be associates of O. erosus, but may be linked to this beetle through another common partner, such as pine trees or mites. 

			Although it did not appear that the isolated Streptomyces spp. directly benefitted O. ips, it remains possible that they play some role in the ecology of these fungi and the associated beetles. For example, the fungal symbionts of the beetles such as O. ips are inoculated into the newly formed galleries at the time of infestation, either directly from the beetle’s exoskeleton or with the help of mites.34,35 These fungi become established and dominate the niche, and it is likely that contaminating saprophytes enter the niche only at a later stage. If the antibiotic-producing Actinobacteria are introduced at the same time as the fungal associates, there would be sufficient opportunity for the fungus to establish itself and penetrate the wood before widespread colonisation of the bacteria. However, once the bacteria are established and producing antibiotics in the galleries, these would then be protected against possible harmful saprophytes that are expected to enter later. Simultaneous inoculation of Streptomyces spp. and the fungal symbiont on medium showed that O. ips can initially colonise large amounts of the resource and grow to the edge of the bacterial colony, before inhibition is seen. The results might suggest that O. ips can survive, while other saprophytes subsequently introduced may be inhibited completely. However, as it is not explicitly known that O. ips is beneficial to its bark beetle symbionts, the possibility exists that it is a mite associate that has no beneficial effects for the beetle, or that it might even be detrimental to beetle fitness and development. Therefore, partial inhibition of O. ips does not necessarily equate to having an impact on the survival of O. erosus.

			This study represents the first investigation of actinomycetes associated with insects in South Africa and we have shown that Streptomyces spp. are occasional symbionts of O. erosus in this country. Several of the isolates formed part of a group of symbionts associated with bark beetles and a pine-infesting woodwasp in North America.13,30 This finding suggests some link between this Streptomyces species and the Pinus environment, which deserves further investigation. This species could have entered South Africa with Pinus planting stock or, given that they are apparently common to other pine-infesting bark beetles, it is likely that they entered South Africa with these insects. Future work should investigate the presence of similar Streptomyces spp. on other insects associated with Pinus spp. across different geographical ranges. The specific role in the galleries of O. erosus and the biology of this bark beetle should also be surveyed using culture-independent methods. 
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