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ABSTRACT 

 

Plant microbiomes are increasingly appreciated as major drivers of plant health and ecosystem 

services, and are of ever-greater interest for their potential in human applications. However, 

plant-associated microorganisms often live in complex associations in nature. Here, I 

characterize one of these microbial associations: the symbiosis between foliar fungal 

endophytes and their bacterial endosymbionts (endohyphal bacteria, EHB). EHB influence 

fungal phenotypes and can shape the outcomes of plant-fungal interactions. EHB are thought to 

form facultative associations with many foliar fungi in the species-rich Ascomycota, but little is 

known about how these symbioses are initiated and maintained, or how EHB shape the ecology 

of their fungal hosts. In this study, I assessed factors mediating the relationships between two 

foliar fungi (Microdiplodia sp., Dothideomycetes; Pestalotiopsis sp. Sordariomycetes) and their 

EHB. I first established methods for introducing EHB into axenic mycelia of their fungal hosts, 

providing an important step forward for understanding the establishment of EHB associations 

and a critical tool for experimental tests of the effects of EHB on fungal phenotypes. Through 

experiments in vitro, I found that both the identity of the fungal host and the conditions under 

which fungi and bacteria are grown influence the establishment of EHB/fungal associations. 

Moreover, I showed EHB of foliar fungi can be transferred across fungal classes, thus creating 

experimental strains that could be used for the first time to examine the contribution of each 

symbiont to important fungal traits. Using these strains I evaluated how EHB influence the 

capacity of foliar fungi to degrade plant material as saprotrophs. I found that the presence and 

identity of EHB significantly influenced fungal growth on particular media, cellulase and 

ligninase activity, and mass loss from senescent tissue of their native host plant species in a 

partnership-specific manner. Because EHB can be acquired horizontally, they may help shape 

plant-fungal interactions, resultant ecosystem services, and the functional diversification of 

plant-associated fungi along the saprotroph-endophyte continuum. By manipulating EHB/fungal 
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interactions in new ways, we can potentially influence fungal phenotypes for diverse human 

applications. 
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INTRODUCTION 

 

1.1 Explanation of thesis format 

The broad goals of this thesis are to expand the knowledge of plant-associated microbiota by 

characterizing the phenotypic effects of endohyphal bacteria (EHB) on foliar fungi. Specifically, I 

aimed to understand the ecological impacts of, and factors mediating the relationships between, 

facultative EHB associated with two common foliar fungal endophytes representing distantly 

related clades of Ascomycota. Following a brief introduction, my work is organized into two 

appendices. 

 

In Appendix A, I examine methods for successfully introducing EHB into axenic foliar fungal 

mycelia. My study provides a new suite of methods for experimental assessment of the effects 

of EHB on fungal phenotypes, and suggests that both the fungal host and culture conditions can 

define the establishment of these widespread and important symbioses. This work allows us to 

better understand how we can manipulate EHB/fungal interactions in new ways, which can 

potentially influence fungal phenotypes for diverse human applications. This work is coauthored 

by my thesis advisors with contributions from a postdoctoral researcher, Kevin Hockett, and is 

intended for submission to Applied and Environmental Microbiology. 

 

In Appendix B, I use the strains generated through Appendix A to evaluate how EHB influence 

the capacity of foliar fungi to degrade plant material as saprotrophs. The results highlight that 

the presence and identity of EHB significantly influence fungal growth on particular substrates, 

cellulase and ligninase activity, and mass loss from senescent tissue of their native host plant 

species in a partnership-specific manner. This work will contribute to a better understanding of 

the functional relationships of plant microbiota and their impacts on plant health, ecosystem 
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services and potential human applications. This work is coauthored by my thesis advisors and is 

intended for submission to The ISME Journal. 

 

The methods, results and conclusions from this research are presented in the appended 

manuscripts. The following is a summary of the most important findings from each.  

 

1.2 Isolation of endohyphal bacteria from foliar fungi and in vitro establishment of their 

symbiotic associations. 

Endohyphal bacteria (EHB) influence fungal phenotypes and can shape the outcomes of plant-

fungal interactions. Previous work has suggested that EHB form facultative associations with 

many foliar fungi in the Ascomycota: these bacteria can be isolated axenically and fungi can be 

cured of EHB using antibiotics. Here we present methods for successfully reintroducing EHB 

into axenic fungal mycelia. We first establish in vitro conditions favoring reintroduction of two 

different strains of EHB (Luteibacter spp.) into axenic strains of their original fungal hosts, 

focusing on two focal fungi originally isolated from healthy plant tissue as endophytes: 

Microdiplodia sp. (Dothideomycetes) and Pestalotiopsis sp. (Sordariomycetes). We show that 

reintroduction was successful for Microdiplodia/Luteibacter on potato dextrose agar and water 

agar, but was only successful for Pestalotiopsis/Luteibacter on water agar. We then 

demonstrate that these EHB can be introduced to a novel fungal host under the same 

conditions, successfully transferring EHB between fungi representing different classes of 

Ascomycota. Finally, we manipulate conditions to optimize reintroduction in a focal EHB/fungal 

association, altering the nutrient content for the co-culture medium (1X, 0.1X, 0.01X, 0.001X, 

and 0.0001X potato dextrose broth), the mycelium:bacteria ratio in co-culture (10:1, 7:1, and 

5:1), the age of the bacterial culture at the time of co-culturing (1 day vs. 3 days old), whether 

the axenic cultures were washed with MgCl2 before co-culturing, and the nutrient content of the 

solid medium onto which the co-culture was plated (water agar vs. 1X PDA). We found that EHB 
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infections were initiated and maintained more often under low-nutrient culture conditions and 

when EHB and fungal hyphae were washed with MgCl2 prior to reassociation. These findings 

suggest that fungal host and culture conditions can define the outcome of symbiosis 

establishment between EHB and foliar fungi. Our study provides a new suite of methods for 

experimental assessment of the effects of EHB on fungal phenotypes, and suggests that fungal 

host and culture conditions can define the establishment of these widespread and important 

symbioses. 

 

1.3 Horizontally acquired endohyphal bacteria influence enzyme activity and plant 

decomposition by foliar fungi 

Fungal endophytes colonize healthy, living plant tissues in all biomes, often providing plants 

with protection from pathogens, herbivores, and other environmental stressors. In turn, 

saprotrophic fungi are the primary decomposers of senescent plant materials, cycling nutrients 

by breaking down cellulose and lignin. Many fungi play more than one of these roles throughout 

their life cycles, with functional switches in ecological modes driven in part by interactions with 

other microbes. Recently, diverse fungi have been found to harbor facultative endohyphal 

bacteria (EHB), which live within apparently healthy, viable fungal cells. We are exploring the 

over-arching hypothesis that EHB can influence the capacity of some endophytes to degrade 

plant material as saprotrophs. We manipulated two endophyte/EHB associations to examine 

enzyme activity and the resulting effects on plant tissue degradation. Here we evaluate the 

effects of two closely related EHB in the genus Luteibacter (Gammaproteobacteria) on substrate 

use, cellulase activity, ligninase activity, and plant tissue degradation by two species of foliar 

endophytes in the Pezizomycotina (Pestalotiopsis sp. 9143, Sordariomycetes; Microdiplodia sp. 

9145, Dothideomycetes). Specifically, we test the hypotheses that the presence and identity of 

EHB influence endophyte growth on cellulose- or ligin-based media, the presence and/or extent 
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of fungal cellulase or ligninase activity, and the capacity of endophytes to degrade living and 

senescent foliage of their host species and related trees. 

 

We found that the presence and identity of EHB significantly influenced fungal growth and 

cellulase and ligninase activity in a partnership-specific manner. Relative to axenic controls, 

fungal cultures infected with EHB grew significantly more rapidly on, and led to greater mass 

loss from, senescent tissue of their host plant species vs. confamilial plant species. However, 

EHB-infected and EHB-free strains did not differ in their capacity to grow on or degrade fresh 

plant material or material from related hosts. Together, our results reveal that EHB can influence 

enzymatic activity and plant biomass degradation by fungal endophytes. Because they can also 

be horizontally acquired, they may help shape plant-fungal interactions, resultant ecosystem 

services, and the functional diversification of plant-associated fungi along the saprotroph-

endophyte continuum. 
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APPENDIX A 

 

Isolation of endohyphal bacteria from foliar fungi and in vitro establishment of their 

symbiotic associations  
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Abstract 

Endohyphal bacteria (EHB) influence fungal phenotypes and can shape the outcomes of plant-

fungal interactions. Previous work has suggested that EHB form facultative associations with 

many foliar fungi in the Ascomycota: these bacteria can be isolated axenically and fungi can be 

cured of EHB using antibiotics. Here we present methods for successfully reintroducing EHB 

into axenic fungal mycelia. We first establish in vitro conditions favoring reintroduction of two 

different strains of EHB (Luteibacter spp.) into axenic strains of their original fungal hosts, 

focusing on two focal fungi originally isolated from healthy plant tissue as endophytes: 

Microdiplodia sp. (Dothideomycetes) and Pestalotiopsis sp. (Sordariomycetes). We show that 

reintroduction was successful for Microdiplodia/Luteibacter on potato dextrose agar and water 

agar, but was only successful for Pestalotiopsis/Luteibacter on water agar. We then 

demonstrate that these EHB can be introduced to a novel fungal host under the same 

conditions, successfully transferring EHB between fungi representing different classes of 

Ascomycota. Finally, we manipulate conditions to optimize reintroduction in a focal EHB/fungal 

association, altering the nutrient content for the co-culture medium, the mycelium:bacteria ratio 

in co-culture, the age of the bacterial culture at the time of co-culturing, treatment of the axenic 

cultures prior to co-culturing, and the nutrient content of the solid medium onto which the co-

culture was plated. We show that EHB infections were initiated and maintained more often 

under low-nutrient culture conditions and when EHB and fungal hyphae were washed with 

MgCl2 prior to reassociation. Our study provides a new suite of methods for experimental 

assessment of the effects of EHB on fungal phenotypes, and suggests that the identity of the 

fungal host and culture conditions can define the establishment of these widespread and 

important symbioses. 
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Introduction 

Plants and their associated microorganisms are increasing being explored for their potential in 

medical, industrial and agricultural applications (Turner et al. 2013). Culturable microbes from 

plants are of particular interest because they can be grown under laboratory conditions and their 

products can be applied for human uses (Berg et al. 2014b). However, most plant-associated 

microbes not only remain undescribed (Lindow and Brandl 2003, van der Putten et al. 2007), 

but are found in association with. or as symbionts of, other microorganisms (e.g., Márquez et al. 

2007, Turner et al. 2013, Berg et al. 2014a). One example of these symbioses is that between 

plant-associated fungi and their bacterial endosymbionts (endohyphal bacteria, EHB). Recent 

studies have indicated that EHB are widespread in rhizosphere fungi from diverse fungal phyla 

(e.g., mycorrhizal and pathogenic fungi from the Basidiomycota, Glomeromycota, and 

Mucoromycotina; Bianciotto et al. 2003, Bertaux et al. 2005, Izumi et al. 2006, Sharma et al. 

2008, Sato et al. 2010, Desiro et al. 2014a, Desiro et al. 2014b), and in the highly diverse 

Ascomycota that infect roots, stems, and leaves as endophytes (Hoffman and Arnold 2010; 

class 3 endophytes, sensu Rodriguez et al. 2009). However, functional relationships have only 

been studied for a few associations, thus limiting broad inferences regarding the scope and 

potential importance of EHB-fungal associations in ecological interactions and human 

applications.  

 

Most studies aimed at understanding the functional relationship between EHB and fungi have 

focused on root-associated fungi, especially arbuscular mycorrhizal fungi in the Glomeromycota 

(Bianciotto et al. 2003, Bertaux et al. 2005; see also work on Sebacinales by Sharma et al. 

2008). EHB in Glomeromycota are often vertically transmitted and host-specific, and typically 

maintain obligate relationships with their hosts (Bianciotto et al. 2004, Naumann et al. 2010; but 

see Mondo et al. 2012). Although the influences of EHB on root-associated fungi can be 

profound and contribute to the effects of their fungal hosts on plants (Lumini et al. 2007, Partida-
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Martinez et al. 2007b, Sharma et al. 2008, Sato et al. 2010, Ghignone et al. 2012), these strict 

relationships make it difficult to isolate the symbionts and determine their individual contributions 

toward plant health and other applications. 

 

In contrast, relationships between EHB and many species of Ascomycota are facultative 

(Hoffman and Arnold 2010, Hoffman et al. 2013). Previous studies focusing on foliar endophytes 

in the most species-rich clades of Ascomycota have documented a lack of phylogenetic 

concordance between these fungi and their EHB (Hoffman and Arnold 2010), consistent with 

facultative associations and transfer of EHB among fungal strains. Moreover, fungi can be cured 

of their EHB via antibiotic treatment, with both partners cultivable in isolation on standard 

nutrient media (Hoffman 2010). Much like their fungal hosts (Rodriguez et al. 2009), EHB of 

foliar endophytes appear to be horizontally transmitted (see Hoffman and Arnold 2010, Hoffman 

et al. 2013), but factors determining the dynamics of these associations are poorly understood.  

 

EHB of foliar endophytes can strongly influence fungal phenotypes and resulting effects on 

plant-fungal interactions (Hoffman 2010, Hoffman et al. 2013, Arendt et al., in prep). Curing 

fungi of EHB provides one important tool for empirical assessment of the effects of these 

bacteria, and has been used in a variety of studies (Bianciotto et al. 2007, Partida-Martinez et 

al. 2007b, Lumini et al. 2007, Lackner et al. 2011, Hoffman et al. 2013). However, to date few 

studies have successfully reintroduced axenic EHB into fungal mycelia (but see Partida-

Martinez et al. 2007b, Lackner et al. 2011), and to our knowledge the capacity of EHB to be 

transferred among fungal strains has not been demonstrated experimentally.  

 

Here we examine methods for successfully reintroducing EHB into axenic fungal mycelia, with a 

focus on two species representing distantly related clades of Ascomycota that were originally 

isolated as foliar endophytes from a woody plant. We first establish in vitro conditions favoring 
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reintroduction of two different strains of axenic EHB (Luteibacter sp., Gammaproteobacteria) 

into axenic strains of their original fungal hosts. We then demonstrate that these EHB can be 

introduced to novel fungal hosts under the same conditions, successfully transferring EHB 

between members of the Dothideomycetes and Sordariomycetes. Finally, we manipulate 

conditions to optimize reintroduction in a focal EHB/fungal association, examining the 

importance of the nutrient content for the co-culture medium, the mycelium:bacteria ratio in co-

culture, the age of the bacterial culture at the time of co-culturing, treatment of the axenic 

cultures prior to co-culturing, and the nutrient content of the solid medium onto which the co-

culture was plated.  

 

Our study provides a new suite of methods for experimental assessment of the effects of EHB 

on fungal phenotypes, and suggests that both the fungal host and culture conditions can 

influence the establishment of these widespread and important symbioses. By understanding 

how these symbioses are initiated and maintained, we can gain new insights into the cryptic 

ecological interactions that shape ubiquitous plant-fungal associations. In turn, by manipulating 

EHB/fungal interactions in new ways, we can potentially influence fungal phenotypes for diverse 

human applications. 

 

Materials and Methods 

As part of a previous study, endophytes were isolated from healthy, surface-sterilized foliage of 

Platycladus orientalis (Cupressaceae) in Durham, NC (Hoffman and Arnold 2010). This 

collection included Pestalotiopsis sp. 9143 (Amphisphaeriaceae, Xylariales, Sordariomycetes) 

with its naturally occurring bacterial symbiont, Luteibacter sp. 9143; and Microdiplodia sp. 9145 

(Botryosphaeriaceae, Botryosphaeriales, Dothideomycetes) with its naturally occurring 
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symbiont, Luteibacter sp. 9145. Although the fungi represent distinct classes of Ascomycota, the 

bacteria are closely related: their 16S rRNA sequences are 100% identical, and whole genome 

sequences are nearly invariant (Baltrus et al. in prep). Both associations are accessioned as 

living cultures at the Robert L. Gilbertson Mycological Herbarium at the University of Arizona 

(accessions MYCO-ARIZ 9143 and 9145).  

 

Preparation of axenic cultures 

Each fungal strain was cured of EHB by cultivation on 2% malt extract agar (MEA) amended 

with four antibiotics: ampicillin (100 µg/ml), kanamycin (50 µg/ml), tetracycline (10 µg/ml), and 

ciprofloxacin (40 µg/ml) (see Fisher et al. 1996, Rodrigues 1994, Lodge et al. 1996, Gamboa 

and Bayman 2001, Hoffman and Arnold 2010). We confirmed that fungal cultures were free of 

EHB using the methods described below.  

 

EHB were isolated from naturally infected fungal cultures on 2% MEA (see Hoffman and Arnold 

2010) that were incubated for 72 h at 36° C. At this temperature, bacteria emerged from hyphae 

and were isolated by streaking onto Luria broth (LB) agar (Bertani 1952). Unless otherwise 

stated, axenic fungal strains were maintained on 2% MEA at 25° C and axenic bacterial strains 

were maintained in LB at 25° C. 

 

Reintroduction of EHB into axenic host fungi 

We first reintroduced EHB into axenic strains of their native host fungus (i.e., Luteibacter sp. 

9143 in Pestalotiopsis sp. 9143, and Luteibacter sp. 9145 in Microdiplodia sp. 9145). Prior to 

reassociation, the fungal and bacterial strains were prepared as follows. 

 

For each axenic fungus, a plug of mycelium (1.25 cm diameter) was collected under sterile 

conditions from inside the edge of an actively growing colony on 1X potato dextrose agar (PDA, 
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2.4%). Each plug was separately blended in three 5 sec, high-speed pulses in a sterile blender 

(Waring 51BL31) in 100 mL 1X potato dextrose broth (PDB), and then transferred to a sterile 

flask and incubated on a rotary shaker at 27° C and 100 rpm for 7 d. Mycelium was collected via 

vacuum filtration onto 8 µm Whatman filter papers, washed twice with sterile 10 mM MgCl2, 

removed from the filter papers with forceps under sterile conditions, resuspended in 100 mL of 

1X PDB, and blended as before. Removing or diluting the supernatant from liquid axenic 

cultures and washing cultures in a neutral buffer prior to co-culturing is common in microbial 

competition studies (Lenski et al. 1991, Jankowska et al. 2008) to maintain an osmotic balance 

between the internal and external environment of the cells. 

 

Bacterial cultures were first grown on LB agar and then inoculated into 5 mL of LB and 

incubated on a rotary shaker at 36° C and 200 rpm for 3 d. Cultures then were centrifuged at 

300 rcf for 3 min and the supernatant was discarded. The pelleted cells were washed twice with 

4 mL of sterile 10 mM MgCl2 and resuspended in 4 mL of 1X PDB. 

 

Before reassociation, fungal and bacterial suspensions were evaluated with a 

spectrophotometer (OD 600), normalized with respect to axenic bacterial inocula (5:1 

mycelium:bacteria), and added to 50 mL of 1X PDB. Because we observed no selectable 

phenotype for the reassociated strains when grown on standard fungal media, we chose this 

ratio because at higher concentrations of bacteria, we often observed bacteria growing 

epihyphally on fungal cultures. The resulting mixture was cultured for 7 d at 27° C in full 

darkness, with agitation on a rotary shaker at 100 rpm.  
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Each co-culture was prepared twice. After incubation, 20 µl of each co-culture was transferred 

to six Petri dishes containing nutrient media: three plates contained 1X PDA and three 

contained water agar. Plates were incubated at 27° C for 14 d. Bacterial infection status was 

verified as described below. The success of establishing symbioses was consistent across all 

replicates on each medium for each EHB/fungal association. After successful infection, fungi 

were subcultured three times on 2% MEA to confirm the stability of the association. 

 

We also attempted to reassociate two additional EHB/foliar fungal associations  described in 

Hoffman and Arnold (2010): Phyllosticta sp. 9135 (Dothideomycetes) with its Luteibacter sp., 

and Botryosphaeria sp. 9133 (Dothideomycetes) with its Luteibacter sp. Neither of these 

associations was reassociated successfully under the conditions above, and thus these trials 

are excluded from the results. Members of both fungal genera have been shown to display 

antimicrobial properties (Wikee et al. 2013, Xiao et al. 2014), but whether these are important in 

reassociations and the establishment of EHB symbioses in nature remains to be evaluated. 

 

Cross-inoculation 

Next, EHB were introduced into axenic strains of the alternate fungal hosts (i.e., Luteibacter sp. 

9145 in Pestalotiopsis sp. 9143, and Luteibacter sp. 9143 in Microdiplodia sp. 9145). All 

methods followed those described above. 

 

Manipulation of resynthesis conditions 

We focused on the association of Pestalotiopsis sp. 9143 with Luteibacter sp. 9143 to further 

examine culture conditions under which EHB could be introduced. Using conditions that 

permitted successful reassocation as a baseline protocol (above), we altered the nutrient 

content for the co-culture medium (1X, 0.1X, 0.01X, 0.001X, and 0.0001X PDB) and the 



	   22	  

mycelium:bacteria ratio in the co-culture (10:1, 7:1, and 5:1). We also examined the role of the 

age of the bacterial culture at the time of co-culturing (1 day old vs. 3 days old), whether axenic 

cultures were washed with MgCl2 before co-culturing, and the nutrient content of the solid 

medium onto which the co-culture was plated (water agar vs. 1X PDA). For this experiment, we 

adjusted the co-culture volume to 5 mL to include more replicates. Co-cultures were then 

incubated for 3 d in culture tubes. Each treatment was replicated twice and one fungal colony 

from each replicate was screened for EHB. Treatments are shown in detail in Supplementary 

Table 1. 

 

The role of resynthesis conditions was quantified using nominal logistic analysis, with success 

of association as the response variable (yes, no) and the above treatments as explanatory 

variables. Successful association (i.e., ‘yes’) was defined by detection of the bacterium using 

molecular analysis and confirmation that the bacteria were viable, endohyphal, and occurring 

within viable fungal hyphae based on visualization, as described below. 

 

Molecular analysis and identification of EHB 

Genomic DNA was extracted directly from fresh fungal mycelium collected from inside the 

growing edge of a fungal colony using a modified protocol from the Extract-N-Amp tissue PCR 

kit (Sigma-Aldrich). Genomic DNA was screened for the presence of bacteria by 16S rRNA PCR 

using RedTaq (Sigma) with primers 27F/1492 (Lane 1991). PCR conditions followed Hoffman 

and Arnold (2010) with the following amendments: 50°C annealing temperature and 40 cycles.  

 

Positive 16S rRNA PCR products were cleaned using ExoSAP-IT (Affymetrix) and Sanger-

sequenced bidirectionally at the University of Arizona Genetics Core. Sequences were 

assembled automatically, bases called, and quality scores assigned by phred (Ewing and Green 

1998) and phrap (Ewing et al. 1998) with orchestration by Mesquite v. 1.06 (Maddison and 
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Maddison 2011). Consensus sequences were edited manually in Sequencher 5.1 (Gene Codes 

Corporation) and compared against sequences obtained from the same specimens by Hoffman 

and Arnold (2010).  

 

In all cases, sequences of bacteria obtained here were 100% identical to those reported 

previously from these cultures (Hoffman and Arnold 2010). Sequences also were BLASTed 

against GenBank (BLASTn, highly similar sequences; Altschul et al. 1990, Benson et al. 2014). 

Taxonomic placement within Luteibacter, validated previously by phylogenetic analysis 

(Hoffman et al. 2013), was confirmed using a ≥ 99% match over the full sequence length. As 

needed, the same methods were used to confirm the identity of EHB growing axenically.  

 

We did not identify any additional EHB or free-living bacteria in the fungal cultures used in this 

study. Negative PCR products (i.e., those for which no bands were evident after 16S rRNA 

PCR) were cloned (Agilent, StrataClone) following the manufacturer’s instructions for reactions 

using half volumes. No positive clones were recovered from fungi after antibiotic treatment or 

from negative controls. 

 

Visualization methods 

Molecular analyses were coupled with visual assessments to confirm that EHB were viable and 

were present within living fungal hyphae. Visual assessments consisted of microscopy and 

staining using the LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen) following Hoffman and 

Arnold (2010).  

 

To prepare fungal samples for visualization, fresh hyphae were scraped from the surface of the 

growing edge of each fungal colony on 2% MEA. Axenic bacteria were prepared by scraping a 

single colony from LB agar. Hyphae or bacterial cells were placed on a glass slide with 15 µl of 
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1:1:18 LIVE/DEAD stain (component A: component B: diH2O), covered with a coverslip, and 

incubated in darkness for 20 min. Sterile distilled water then was pulled through the slide mount 

with blotting paper. Slides were sealed with clear acrylic nail polish, which was allowed to dry 

before viewing. A Leica 4000MB compound microscope with a 100-W mercury arc lamp was 

used for fluorescent imaging at room temperature with a Chroma Technology 35002 filter set 

(480-nm excitation/520-nm emission) and 100X APO oil objective. Three replicate slides were 

prepared per fungal culture, and in all cases, replicates from the same material were consistent.  

 

Results 

Both Pestalotiopsis sp. 9143 and Microdiplodia sp. 9145 were viable on 1X PDA and water agar 

in the presence and absence of EHB. Each strain of Luteibacter was viable on LB agar and in 

LB under the conditions described above, and could be isolated reliably following heat treatment 

of infected mycelia. EHB could be detected reliably from the original cultures using the above 

molecular and visualization methods, and were confirmed to be absent following antibiotic 

treatment.  

 

Reintroduction of EHB 

EHB were successfully reintroduced to their original host strains after those fungi were treated 

with antibiotics. In each case the bacteria were confirmed to be endohyphal and viable (Fig. 1). 

Reinfected strains resembled the naturally infected strains with regard to hyphal morphology. 

 

Reintroduction of Luteibacter sp. 9145 into Microdiplodia sp. 9145 was successful when the co-

culture was plated on PDA or water agar. However, reintroduction of Luteibacter sp. 9143 into 

Pestalotiopsis sp. 9143 was only successful on water agar. In each case, reinfected fungal 

strains maintained these associations through at least three subculturing events on 2% MEA. 
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Reisolation and confirmation of bacterial identity following reintroduction is now being 

completed. 

 

Cross-inoculation of EHB 

Luteibacter sp. 9143 was successfully introduced into Microdiplodia sp. 9145 when the co-

culture was plated on either PDA or water agar. Luteibacter sp. 9145 was successfully 

introduced into Pestalotiopsis sp. 9143 when the co-culture was plated on water agar. In each 

case, bacteria were confirmed to be endohyphal and viable (Fig. 1) and were maintained in their 

novel fungal hosts through at least three subculturing events on 2% MEA. Reinfected strains 

resembled the naturally infected strains with regard to hyphal morphology and the density of 

bacterial cells. Reisolation and confirmation of bacterial identity following reintroduction is now 

being completed. 

 

Manipulation of resynthesis conditions 

We examined the effects of particular culture conditions on reintroduction of EHB by focusing on 

the association between Pestalotiopsis sp. 9143 and Luteibacter sp. 9143. A total of 120 trials 

was conducted, each representing a bacterial culture of a given age (1 d old or 3 d old); 

washing of axenic cultures with MgCl2 or not; various concentrations of the medium in which the 

co-culture was grown (1X, 0.1X, 0.01X, 0.001X, and 0.0001X PDB); various mycelium:bacteria 

ratios in the co-culture (10:1, 7:1, and 5:1); and cultivation of the co-culture on 1X PDA or water 

agar. All treatment combinations and their outcomes are shown in Supplementary Table 1. 

 

Nominal logistic analysis revealed that when all culture conditions were considered, those most 

relevant for successful resynthesis were (1) whether the axenic cultures were washed in MgCl2, 

(2) the concentration of PDB in which the co-culture was grown, and (3) the solid medium on 
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which the co-culture was plated (Table 1). Culture age and the ratio of mycelium:bacteria were 

less important in the overall analysis (Table 1).  

 

Examination of the data revealed that resynthesis failed in all 60 trials in which axenic cultures 

were not washed with MgCl2 (Supplementary Table 1). We thus excluded those 60 trials from 

further analysis. Among the remaining 60 trials, resynthesis was more often successful when 

the co-culture was plated on water agar rather than on 1X PDA: only one of 30 resynthesis 

attempts using PDA was successful (3 d old bacterial culture, 0.01X PDB, 7:1 

mycelium:bacteria ratio; Supplementary Table 1), whereas 18 of 30 resynthesis attempts were 

successful using water agar (Supplementary Table 1). We thus excluded the 30 trials on PDA 

from further analysis. These findings are consistent with the results with our initial assessment 

of the influence of the culture medium on the success of reintroducing Luteibacter 9143 into 

Pestalotiopsis 9143. 

 

Among the remaining 30 trials, all resynthesis attempts were unsuccessful when the co-culture 

was grown in 0.0001X PDB, but some resynthesis attempts were successful on each of the 

remaining concentrations of PDB (Supplementary Table 1). We thus excluded the trials on 

0.0001X PDB from further analysis. 

 

We then analyzed the remaining data set to more precisely evaluate the importance of the age 

of the bacterial culture, the concentration of PDB (1X, 0.1X, 0.01X, 0.001X), and the ratio of the 

mycelium:bacteria in co-culture establishment. Nominal regression of this reduced data set did 

not reveal significant differences among the suites of treatments listed here (simplified whole 
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model, chi-square = 8.57, df = 6, P = 0.1993; no significant effects of any factor: P = 0.2659, P = 

0.1009, and P = 0.04009, respectively). However, resynthesis was always successful when 

0.01X PDB was used as the co-culture medium, whereas success was more variable on other 

concentrations of PDB (Table 2). 

 

Discussion 

Many fungi that are important in plant health, productivity, decomposition, and human 

applications are inhabited by endohyphal bacteria (EHB) (Bianciotto et al. 2003, Bertaux et al. 

2005, Izumi et al. 2006, Sharma et al. 2008, Sato et al. 2010, Hoffman and Arnold 2010, Mondo 

et al. 2012, Desiro et al. 2014a, Desiro et al. 2014b). These EHB can profoundly alter fungal 

phenotypes relevant to fungal reproduction (Partida-Martinez et al. 2007b), virulence (Partida-

Martinez et al. 2007a), production of plant hormones (Hoffman et al. 2013), plant colonization 

(Lumini et al. 2007), and both enzyme production and substrate use (Arendt et al., in prep.). 

Accordingly, EHB likely play important roles in the ecology and evolution of both the fungi they 

inhabit, and the plants with which they interact in natural and agro-ecosystems. These 

observations also suggest profound importance of EHB in shaping the use of fungi in human 

applications (Tarkka et al. 2009, Frey-Klett et al. 2011). 

 

Previous work has suggested that EHB are facultative symbionts in many fungi (Hoffman and 

Arnold 2010, Mondo et al. 2012; but see Bianciotto et al. 2004, Naumann et al. 2010, Ghignone 

et al. 2012). Several studies have successfully cured fungal strains of their EHB for 

experimental use (Bianciotto et al. 2007, Partida-Martinez et al. 2007b, Lumini et al. 2007, 

Lackner et al. 2011, Hoffman et al. 2013). However, few studies have documented the 

successful reintroduction of EHB into fungal mycelia, thus leaving a gap in our understanding of 
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the factors favoring the establishment of such associations. For maximum inference in 

experimental settings, methods to re-establish EHB in cured fungi – thus recapitulating ‘wild-

type’ infections – represents an important step forward. 

 

To our knowledge, in vitro re-establishment of the symbiosis between EHB and fungi has been 

achieved in one association previously: that of the root pathogen Rhizopus microsporus 

(Mucoromycotina) and its bacterial endosymbiont, Burkholderia rhizoxinica (Betaproteobacteria) 

(Partida-Martinez et al. 2007b, Lackner et al. 2011). In both of these studies, bacteria were 

removed via antibiotic treatments and then were reintroduced into their fungal host through co-

culturing on agar medium (Lackner et al. 2011) or microinjected into fungal cytoplasm via a 

laser microbeam (Partida-Martinez et al. 2007b). The production of bacterial chitinolytic	  enzymes	  

may play an important role in the invasion of bacteria into fungal hyphae in this system 

(Moebius et al. 2014). 

 

The present study is the first to demonstrate resynthesis in an association with foliar fungal 

endophytes in the species-rich Ascomycota, which includes the vast majority of endophytic and 

plant-pathogenic fungi of relevance to agriculture and natural systems (Alexopoulos et al. 1996). 

This also is the first demonstration of resynthesis involving Gammaproteobacteria, which are 

common in foliar endophytes studied to date (Hoffman and Arnold 2010) and can have profound 

effects on fungal traits (Hoffman et al. 2013, Arendt et al., in prep.). We demonstrate that 

resynthesis can be achieved readily in the lab for two strains of EHB and two distantly related 

fungi, demonstrate that EHB can be moved between fungal strains, and present data to 

optimize resynthesis of these associations for experimental purposes.  
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Importantly, the present study focused on two closely related bacteria. Ongoing work will 

establish whether these conditions are appropriate for reintroduction of other EHB, and whether 

divergent hosts can readily acquire diverse suites of EHB. Observational data indicate that EHB 

of foliar fungi are horizontally acquired are not host specific (Hoffman and Arnold 2010), 

although an important caveat is that all work to date has relied only on 16S rRNA sequences to 

differentiate bacterial strains. Such an approach alone would indicate that Luteibacter sp. 9143 

and 9145 are of the same species; their 16S rRNA sequences are 100% identical, and whole 

genome sequences are nearly invariant. Meaningful differences in their genomes revealing the 

basis for functional differences will be explored in future work (Baltrus et al. in prep). 

Manipulation of additional bacterial/fungal associations is currently underway to test the 

generality of our results. 

 

Facultative symbioses 

Consistent with previous work (Hoffman and Arnold 2010, Hoffman et al. 2013), we found that 

the EHB association was facultative in these foliar fungi. Both fungi and bacteria could be grown 

axenically on standard media. Our observations of other fungal strains suggest that treatment 

with 36 °C is not always successful in causing EHB to emerge in culture; in some cases, we 

observe bacteria emerging when mycelia are stored as vouchers in sterile water, often leading 

to the mistaken impression that those vouchers are contaminated. The capacity of EHB to 

emerge under physiologically challenging conditions (e.g., long-term immersion in water and 

heat stress) merits further study. 

 

Nutrient conditions 
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Reassociation was successful for both Pestalotiopsis sp. 9143/Luteibacter sp. 9143 and 

Microdiplodia sp. 9145/Luteibacter sp. 9145 on low-nutrient media (water agar). When grown on 

water agar, hyphae of both fungal species were sparse, transparent, and thin; in contrast, both 

strains had robust, dense, and pigmented or opaque hyphae on PDA. Resynthesis of 

Microdiplodia sp. 9145 with Luteibacter 9145 also was successful on high-nutrient media. 

Cross-infection of both fungal hosts with novel EHB displayed the same patterns as those 

observed with their native EHB.  

Context-dependency is common in both the establishment and maintenance of many facultative 

fungal symbioses and in the functional outcomes of such associations (e.g., McCreadie et al. 

2005, Daskin and Alford 2012). These relationships are often regulated by available nutrition 

when coupled with a photosynthetic partner (Smith et al. 2009, Denison and Kiers 2011, Picard 

et al. 2013). We found that available nutrients in the culture medium strongly influenced the 

success of establishing EHB symbioses. Additionally, resynthesis was only successful when 

both axenic cultures were washed with MgCl2, implying the presence of biological inhibitors that 

were removed upon washing. This is not surprising as many microbes will exude antimicrobial 

compounds that can interfere with the functions of closely related species or organisms in 

different kingdoms (Brian and Hemming 1947, Be’er et al. 2008). This competition is especially 

common between microbial endophytes (Strobel et al. 2004). 

 

Manipulation of culture conditions 

Our results suggest that when cultures are washed with MgCl2, PDB concentrations are ca. 

0.001X or greater, and co-cultures are plated on water agar, resynthesis of Pestalotiopsis sp. 

9143/Luteibacter sp. 9143 can be achieved at various ratios of mycelium:bacteria (5:1, 7:1, 

10:1), various concentrations of PDB (1X, 0.1X 0.01X, 0.001X), and with 1 or 3 d old bacterial 
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cultures. Qualitative examination of the results (Table 2) indicates that the most consistent 

success was obtained using 0.01X PDB, but these different suites of conditions did not differ 

statistically. As such, the methods outlined in Table 2 should be generally comparable, but for 

convenience we suggest using 0.01X PDB in such experiments. 

  

When comparing resynthesis success with 1 vs. 3 d old bacterial cultures, we observed the 

trend that trials started with the 3 d old bacterial culture reestablished symbiosis when the 

mycelium:bacteria ratio was lower and when the nutrient content of the co-culturing medium 

was higher than trials started with the 1 d old culture. This could be due to a difference in the 

growth stage of the bacterium at the time of co-culturing. We also noted that when co-cultures 

started with the 1 d old bacterial culture were plated on 1X PDA after cultivation in 1X PDB, 

viable bacteria often were observed living outside of fungal cells (Fig. 1). As such, resynthesis 

per se could not be verified. We therefore were conservative in our analyses and treated these 

as unsuccessful reintroductions. 

 

Conclusions 

Together, these results suggest that fungal host and culture conditions can define the outcome 

of symbiosis establishment between EHB and foliar fungi. These findings also speak to the 

plasticity and facultative nature of these interactions. Because resynthesis of a model fungal 

endophyte/EHB pair was more often successful under low nutrient culture conditions, we predict 

that some EHB/fungal symbioses may be favored in nutrient-limiting environments in nature. 

Moreover, we predict that benefits of EHB are likely context-dependent, and may be lost under 

conditions such as high heat or other stress that are not conducive to associations. Future work 
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will aim to address the conditions in nature under which EHB are acquired or lost, and the 

relevance for fungal phenotypes in natural and applied settings. 
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Table 1. Results of nominal logistic regression assessing the importance of cultivation variables 

on successful in vitro reintroduction of Luteibacter sp. 9143 into Pestalotiopsis sp. 9143. 

Success of reintroduction (yes, no) was used as the response variable. Explanatory variables 

were all other columns listed in Supplementary Table 1 (age of the bacterial culture, whether 

cultures were washed with MgCl2, the concentration of PDB, the ratio of mycelium:bacteria, the 

medium on which co-cultures were plated). The whole model was significant (chi-square = 

83.87, df = 9, P < 0.0001), and results of effect tests, determined by likelihood ratios, are shown 

here. Results of this analysis were used to prune the total dataset to identify the main factors 

associated with positive reintroduction, which are shown in Table 2. 

 

     

Factor  N DF Chi-square P 

     

Age of bacterial culture 1 1 2.44 0.1186 

Washed in MgCl2 1 1 47.38 <0.0001 

Concentration of PDB 4 4 25.25 <0.0001 

Mycelium:bacteria 2 2 3.72 0.1559 

Medium  1 1 38.22 <0.0001 
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Table 2. In vitro reassociation of Pestalotiopsis sp. 9143 and Luteibacter sp. 9143 always failed 

when axenic cultures were not washed with MgCl2 and when co-cultures were cultivated in 

0.0001X PDB, and failed in 29 of 30 trials when the co-cultures were plated on 1X PDA. This 

table shows qualitative outcomes of resynthesis attempts when cultures were washed with 

MgCl2, PDB concentrations were >0.0001X, and co-cultures were plated on water agar for 

resynthesis attempts started with 1- and 3-day old bacterial cultures. Nominal regression of this 

reduced data set did not reveal significant differences among the suites of treatments listed 

here; however, we note that resynthesis was always successful when 0.01X PDB was used as 

the co-culture medium, whereas success was more variable on other concentrations of PDB. 

    

Co-culture medium  Mycelium:bacteria  Resynthesis,1 d old Resynthesis, 3 d old 

    

1X PDB 5:1 No Yes 

 7:1 No Yes 

 10:1 Yes No 

0.1X PDB 5:1 No Yes 

 7:1 Yes Yes 

 10:1 Yes No 

0.01X PDB 5:1 Yes Yes 

 7:1 Yes Yes 

 10:1 Yes Yes 

0.001X PDB 5:1 No Yes 

 7:1 Yes Yes 

 10:1 Yes Yes 

 



	   39	  

Figure legends 

 

Figure 1. Visualization with BacLight Live/Dead reveals lack of epi- or extra-hyphal bacteria in 

fungal cultures (Panels A-P). Panels show brightfield illumination (100X APO oil objective, 

black/white) or the results of staining with BacLight Live/Dead strain followed by visualization 

with a Chroma Technology 35002 filter set (black/color: living bacteria and fungal organelles 

fluoresce bright green; dead cells fluoresce red). Panels A and B, Pestalotiopsis sp. 9143 

naturally infected with Luteibacter sp. 9143; C and D, axenic Pestalotiopsis sp. 9143; E and F, 

naturally infected Pestalotiopsis sp. 9143 with artificially augmented extrahyphal bacteria, here 

illustrating their visibility when present outside fungal cells; G and H, axenic Luteibacter sp. 

9143; I and J, Microdiplodia sp. 9145 naturally infected with Luteibacter sp. 9145; K and L, 

axenic Microdiplodia sp. 9145; M and N, naturally infected Microdiplodia sp. 9145 with artificially 

augmented extrahyphal bacteria; O and P, axenic Luteibacter sp. 9145. 
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Fig. 1  

A B C D E F G H 

I J K L M N O P 
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Supplementary Table 1. Columns indicate the parameters of the resynthesis protocol that were 

manipulated to evaluate factors influencing in vitro resynthesis of the endohyphal symbiosis of 

Luteibacter sp. 9143 in Pestalotiopsis sp. 9143. Rows define treatments. ‘Yes’ in the last column 

indicates the presence of EHB in the fungal cultures as defined in the methods above. A ‘-‘ 

indicates bacteria were not viable after co-culturing. A ‘+‘ indicates viable bacteria were present 

outside fungal cells. The treatment identical to resynthesis experiment 1 is underlined. 

 

Age of 
bacterial 
culture 

Washed 
with 
MgCl2 

Concentration 
of PDB 

Mycelium:
bacteria 

Medium in             
co-culture 
transfers 

Successful 
resynthesis 

3 d yes 2.40% 5:1 1X PDA no 

3 d yes 2.40% 5:1 water agar yes 

3 d yes 2.40% 7:1 1X PDA no 

3 d yes 2.40% 7:1 water agar yes 

3 d yes 2.40% 10:1 1X PDA no 

3 d yes 2.40% 10:1 water agar no 

3 d yes 0.1X 5:1 1X PDA no 

3 d yes 0.1X 5:1 water agar yes 

3 d yes 0.1X 7:1 1X PDA no 

3 d yes 0.1X 7:1 water agar yes 

3 d yes 0.1X 10:1 1X PDA no 

3 d yes 0.1X 10:1 water agar no 

3 d yes 0.01X 5:1 1X PDA no 

3 d yes 0.01X 5:1 water agar yes 

3 d yes 0.01X 7:1 1X PDA yes 

3 d yes 0.01X 7:1 water agar yes 

3 d yes 0.01X 10:1 1X PDA no 
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3 d yes 0.01X 10:1 water agar yes 

3 d yes 0.001X 5:1 1X PDA no 

3 d yes 0.001X 5:1 water agar yes 

3 d yes 0.001X 7:1 1X PDA no 

3 d yes 0.001X 7:1 water agar yes 

3 d yes 0.001X 10:1 1X PDA no 

3 d yes 0.001X 10:1 water agar yes 

3 d yes 0.0001X 5:1 1X PDA no 

3 d yes 0.0001X 5:1 water agar no 

3 d yes 0.0001X 7:1 1X PDA no 

3 d yes 0.0001X 7:1 water agar no 

3 d yes 0.0001X 10:1 1X PDA no 

3 d yes 0.0001X 10:1 water agar no 

3 d no 2.40% 5:1 1X PDA - 

3 d no 2.40% 5:1 water agar - 

3 d no 2.40% 7:1 1X PDA - 

3 d no 2.40% 7:1 water agar - 

3 d no 2.40% 10:1 1X PDA - 

3 d no 2.40% 10:1 water agar - 

3 d no 0.1X 5:1 1X PDA - 

3 d no 0.1X 5:1 water agar - 

3 d no 0.1X 7:1 1X PDA - 

3 d no 0.1X 7:1 water agar - 

3 d no 0.1X 10:1 1X PDA - 

3 d no 0.1X 10:1 water agar - 

3 d no 0.01X 5:1 1X PDA - 

3 d no 0.01X 5:1 water agar - 

3 d no 0.01X 7:1 1X PDA - 
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3 d no 0.01X 7:1 water agar - 

3 d no 0.01X 10:1 1X PDA - 

3 d no 0.01X 10:1 water agar - 

3 d no 0.001X 5:1 1X PDA - 

3 d no 0.001X 5:1 water agar - 

3 d no 0.001X 7:1 1X PDA - 

3 d no 0.001X 7:1 water agar - 

3 d no 0.001X 10:1 1X PDA - 

3 d no 0.001X 10:1 water agar - 

3 d no 0.0001X 5:1 1X PDA - 

3 d no 0.0001X 5:1 water agar - 

3 d no 0.0001X 7:1 1X PDA - 

3 d no 0.0001X 7:1 water agar - 

3 d no 0.0001X 10:1 1X PDA - 

3 d no 0.0001X 10:1 water agar - 

1 d yes 2.40% 5:1 1X PDA + 

1 d yes 2.40% 5:1 water agar no 

1 d yes 2.40% 7:1 1X PDA + 

1 d yes 2.40% 7:1 water agar no 

1 d yes 2.40% 10:1 1X PDA + 

1 d yes 2.40% 10:1 water agar yes 

1 d yes 0.1X 5:1 1X PDA + 

1 d yes 0.1X 5:1 water agar no 

1 d yes 0.1X 7:1 1X PDA no 

1 d yes 0.1X 7:1 water agar yes 

1 d yes 0.1X 10:1 1X PDA no 

1 d yes 0.1X 10:1 water agar yes 

1 d yes 0.01X 5:1 1X PDA no 
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1 d yes 0.01X 5:1 water agar yes 

1 d yes 0.01X 7:1 1X PDA no 

1 d yes 0.01X 7:1 water agar yes 

1 d yes 0.01X 10:1 1X PDA no 

1 d yes 0.01X 10:1 water agar yes 

1 d yes 0.001X 5:1 1X PDA no 

1 d yes 0.001X 5:1 water agar no 

1 d yes 0.001X 7:1 1X PDA no 

1 d yes 0.001X 7:1 water agar yes 

1 d yes 0.001X 10:1 1X PDA no 

1 d yes 0.001X 10:1 water agar yes 

1 d yes 0.0001X 5:1 1X PDA no 

1 d yes 0.0001X 5:1 water agar no 

1 d yes 0.0001X 7:1 1X PDA no 

1 d yes 0.0001X 7:1 water agar no 

1 d yes 0.0001X 10:1 1X PDA no 

1 d yes 0.0001X 10:1 water agar no 

1 d no 2.40% 5:1 1X PDA - 

1 d no 2.40% 5:1 water agar - 

1 d no 2.40% 7:1 1X PDA - 

1 d no 2.40% 7:1 water agar - 

1 d no 2.40% 10:1 1X PDA - 

1 d no 2.40% 10:1 water agar - 

1 d no 0.1X 5:1 1X PDA - 

1 d no 0.1X 5:1 water agar - 

1 d no 0.1X 7:1 1X PDA - 

1 d no 0.1X 7:1 water agar - 

1 d no 0.1X 10:1 1X PDA - 
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1 d no 0.1X 10:1 water agar - 

1 d no 0.01X 5:1 1X PDA - 

1 d no 0.01X 5:1 water agar - 

1 d no 0.01X 7:1 1X PDA - 

1 d no 0.01X 7:1 water agar - 

1 d no 0.01X 10:1 1X PDA - 

1 d no 0.01X 10:1 water agar - 

1 d no 0.001X 5:1 1X PDA - 

1 d no 0.001X 5:1 water agar - 

1 d no 0.001X 7:1 1X PDA - 

1 d no 0.001X 7:1 water agar - 

1 d no 0.001X 10:1 1X PDA - 

1 d no 0.001X 10:1 water agar - 

1 d no 0.0001X 5:1 1X PDA - 

1 d no 0.0001X 5:1 water agar - 

1 d no 0.0001X 7:1 1X PDA - 

1 d no 0.0001X 7:1 water agar - 

1 d no 0.0001X 10:1 1X PDA - 

1 d no 0.0001X 10:1 water agar - 
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APPENDIX B 

 

Horizontally acquired endohyphal bacteria influence enzyme activity and plant 

decomposition by foliar fungi  
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Abstract 

Endophytes colonize healthy, living plant tissues in all biomes, often providing plants with 

protection from pathogens, herbivores, and other environmental stressors. In turn, saprotrophs 

are the primary decomposers of senescent plant materials, cycling nutrients by breaking down 

cellulose and lignin. Many fungi play more than one of these roles throughout their life cycles, 

with functional switches in ecological modes driven in part by interactions with other microbes. 

Recently, diverse fungi have been found to harbor facultative endohyphal bacteria (EHB), which 

live within apparently healthy, viable fungal cells. We explore the over-arching hypothesis that 

EHB can influence the capacity of endophytes to degrade plant material as saprotrophs. We 

manipulated two endophyte/EHB associations to examine enzyme activity and measure the 

resulting effects on plant tissue degradation. We found that the presence and identity of EHB 

significantly influenced fungal growth and cellulase and ligninase activity in a partnership-

specific manner. Relative to axenic controls, fungal cultures infected with EHB grew significantly 

more rapidly on, and led to greater mass loss from, senescent tissue of their host plant species 

vs. confamilial plant species. However, EHB-infected and EHB-free strains did not differ in their 

capacity to grow on or degrade fresh plant material or material from related hosts. Because 

EHB can have drastic effects on fungal phenotypes and plant-fungal symbioses, we suggest 

that they can influence plant-fungal interactions, resultant ecosystem services, and the 

functional diversification of plant-associated fungi along the saprotroph-endophyte continuum. 

 

 

Keywords: bacterial endosymbionts, fungal endophytes, ligninase and cellulase activity, plant 

degradation, fungal phenotype 
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Introduction 

As one of the most phylogenetically, taxonomically, and ecologically diverse clades of 

eukaryotes, fungi are increasingly appreciated for their ecological importance and diverse 

applications in medicine, agriculture, and industry (see Alexopoulous et al. 1996, Hawksworth 

2001, Blackwell 2011). The effects of fungi on plants and plant products, both directly and 

indirectly, are especially important to the structure and function of natural and anthropogenic 

ecosystems. Fungi represent the most economically important and ecologically powerful plant 

pathogens, structuring forests and reshaping agricultural practices (Gilbert and Webb 2007, 

Bagchi et al. 2014). As mycorrhizal symbionts they alter nutrient acquisition, stress tolerance, 

and water relations of their hosts (Marschner and Dell 1994, Ruiz-Lozano et al. 1995, Augé 

2001). As endophytes they influence plant protection against herbivores and pathogens (Arnold 

et al. 2003, Waller et al. 2005) and can alter physiological processes ranging from drought 

resistance to thermotolerance (Malinowski and Belesky 2000, Rodriguez et al. 2009). Finally, as 

saprotrophs, fungi decay recalcitrant components of plant cell walls such as lignin and cellulose, 

contributing to nutrient cycling, soil formation, edaphic characteristics, and carbon dynamics in 

all terrestrial ecosystems (Talbot et al. 2008, Eastwood et al. 2011). Many fungi appear capable 

of playing multiple ecological roles – for example, as endophytes under one suite of conditions 

but as pathogens under other conditions, or as endophytes in living tissues but also as 

saprotrophs in senescent plant organs (Carroll 1988, Fisher and Petrini 1992, Photita et al. 

2004, Shulz and Boyle 2005, Promputtha et al. 2007, Promputtha et al. 2010, Sakalidis et al. 

2011). Understanding factors that influence functional traits of fungi is important in ecology, 

evolutionary biology, plant biology, and in the applications derived from these fields.  

 

In addition to intrinsic factors that drive functional traits in fungi, which are defined by the 

architecture and flexibility of the genome, emerging evidence indicates that associations of fungi 

with other microorganisms can have profound effects on fungal growth, metabolite production, 
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and interactions with plants and plant products. In addition to fungal-virus interactions, which 

can influence the capacity of fungal endophytes to impart functional benefits on hosts (e.g., 

thermotolerance in a hotspring-associated grass; Marquez et al. 2007), fungal-bacterial 

interactions appear to be common and important in natural systems. For example, cyanolichens 

and tripartite lichens, which include a cyanobacterial photobiont, are important in nitrogen 

fixation in many forests (Rai et al. 1983). Bacteria also can be pathogens of fungi; for example, 

Pseudomonas tolaasii causes brown blotch disease in cultivated mushrooms (Brodey et al. 

1991). Other Pseudomonas spp. form biofilms on the surface of fungal hyphae (Hogan and 

Kolter 2002), and bacterial ectosymbionts of Fusarium can influence how the fungus impacts 

agriculturally relevant plants (Minerdi et al. 2008, Minerdi et al. 2011).  

 

Increasingly it is clear that fungi also are frequent hosts to endosymbiotic or ‘endohyphal’ 

bacteria (EHB; Bianciotto et al. 2003, Bertaux et al. 2005, Izumi et al. 2006, Sharma et al. 2008, 

Sato et al. 2010, Hoffman and Arnold 2010, Desiro et al. 2014a, Desiro et al. 2014b). To date, 

all described EHB have been documented in plant-associated fungi. Depending on the 

association, EHB can be vertically or horizontally transmitted and can maintain facultative or 

obligate relationships with hosts (Naumann et al. 2010, Hoffman and Arnold 2010). In the cases 

studied to date, evidence indicates that EHB can influence fungal virulence, sporulation, growth 

rate, hormone production, nutrient use and/or interactions with plants (Lumini et al. 2007, 

Partida-Martinez et al. 2007b, Sharma et al. 2008, Sato et al. 2010, Ghignone et al. 2012, 

Hoffman et al. 2013). 

  

EHB were first identified as bacteria-like organisms (BLO) over 30 years ago (MacDonald and 

Chandler 1981). These BLO, later identified as Candidatus Glomeribacter gigasporarum 

(Betaproteobacteria), are vertically transmitted and associate obligately with certain arbuscular 

mycorrhizal fungi (Gigaspora margarita, Scutellospora persica and Scutellospora castanea; 
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Glomeromycota; Bianciotto et al. 2003). In these associations, EHB increase fungal growth 

rates, enhancing colonization of roots and ultimately increasing the efficiency of nutrient uptake 

by plants (Bianciotto et al. 2004). Endohyphal Burkholderia sp. (Betaproteobacteria) in Rhizopus 

microsporus (Mucoromycotina) produce rhizoxin, the phytotoxin responsible for symptoms of 

rice seedling blight (Partida-Martinez et al. 2007a). Alphaproteobacteria and Burkholderia spp. 

also have been identified in ectomycorrhizal Basidiomycota wherein they increase the growth 

rate of their host plants and protect them from pathogen damage (Bertaux et al. 2003, Bertaux 

et al. 2005, Sharma et al. 2008). 

 

EHB were recently observed for the first time in foliar fungal endophytes  (Arnold and Hoffman 

2010). Endophytes (class 3 endophytes, sensu Rodriguez et al. 2009) are fungi that occur 

within healthy foliage without causing overt signs of disease (Petrini 1991, Stone et al. 2000). 

These fungi are highly diverse (Carroll 1995, Fröhlich and Hyde 1999, Arnold 2007, U’Ren et al. 

2012, Zimmerman and Vitousek 2012, Higgins et al. 2014, Sandberg et al. 2014) and have 

been found in all plant species examined to date (Arnold 2007, Rodriguez et al. 2009). 

Endophytes of most woody plants appear to be horizontally transmitted and form highly 

localized infections (Rodriguez et al. 2009). Several species have been shown to protect plants 

against abiotic stress, disease and herbivores (Clay et al. 1985, Bacon 1993, Arnold et al. 2003, 

Lewis 2004, Strobel et al. 2004, Mejía et al. 2008, Singh et al. 2014)  Many appear to have a 

saprotrophic phase in their lifecycle (see Rodriguez and Redman 1997, Herre et al. 2005). 

However, most endophyte/plant relationships are not well understood. We are interested in the 

degree to which aspects of their relationships and lifecycles may be mediated by other co-

occurring microbes such as EHB (e.g., Hoffman et al. 2013). 

 

To date, EHB have been found in endophytes representing all major clades of non-lichenized 

Pezizomycotina (Hoffman and Arnold 2010), the largest subphylum of filamentous fungi. They 
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are phylogenetically diverse and related to, but distinct from, EHB in previously studied 

saprotrophs and rhizosphere fungi (Hoffman and Arnold 2010). Because they do not reflect the 

phylogenetic relationships of their host fungi, and can be cultured readily, most EHB from 

endophytes studied so far are thought to be horizontally transmitted and facultative (see 

Hoffman and Arnold 2010, Hoffman et al. 2013). EHB of endophytes have demonstrated effects 

on fungal phenotypes, including altering fungal hormone production, thermotolerance, nutrient 

use and interactions with host plants (Hoffman 2010, Hoffman et al. 2013), but only a very few 

endophyte/EHB pairs have been studied so far.  

 

In particular, the role of EHB in shaping fungal enzyme activity and associated decomposition of 

plant material has not been explored, but is important for understanding the factors that mediate 

ecological or functional shifts in endophyte biology, understanding endophyte life cycles in 

natural systems, and exploring industrial applications relevant to lignocellulosic degradation for 

biofuel production. We have developed an experimental system in which EHB can be removed 

from and reintroduced into their natural fungal hosts. These manipulations also enable us to 

introduce bacterial symbionts into alternative fungal hosts, thus providing an opportunity to 

explore the degree to which fungal phenotypes relevant to enzyme activity can be driven by the 

presence and identity of EHB.  

 

Here we evaluate the effects of two closely related EHB in the genus Luteibacter 

(Gammaproteobacteria) on substrate use, cellulase activity, ligninase activity, and plant tissue 

degradation by two species of foliar endophytes in the Pezizomycotina (Pestalotiopsis sp. 9143, 

Sordariomycetes; Microdiplodia sp. 9145, Dothideomycetes). Specifically, we test the 

hypotheses that the presence and identity of EHB influence endophyte growth on cellulose- or 

ligin-based media, the presence and/or extent of fungal cellulase or ligninase activity, and the 



	   53	  

capacity of endophytes to degrade living and senescent foliage of their host species and related 

trees. 

 

Materials and Methods 

As part of a previous study, focal endophytes were isolated from healthy, surface-sterilized 

foliage of Platycladus orientalis (Cupressaceae) in Durham, NC (Hoffman and Arnold 2010): 

Pestalotiopsis sp. 9143 with its naturally occurring bacterial symbiont, Luteibacter sp. 9143, and 

Microdiplodia sp. 9145, with its naturally occurring bacterial symbiont, Luteibacter sp. 9145. The 

fungi are distantly related members of the Ascomycota, representing distinct classes 

(Sordariomycetes and Dothideomycetes, respectively). The Luteibacter species are closely 

related; their 16S rRNA sequences are 100% identical, and whole genome sequences are 

nearly invariant (Baltrus et al. in prep). Luteibacter sp. 9143 has been shown to enhance 

production of indole-3-acetic acid by Pestalotiopsis sp. 9143 (Hoffman et al. 2013), but other 

aspects of their interactions, and functional aspects of the association between Microdiploda sp. 

9145 and Luteibacter sp. 9145, have not been evaluated previously. Both associations are 

accessioned as living cultures at the Robert L. Gilbertson Mycological Herbarium at the 

University of Arizona (accessions MYCO-ARIZ 9143 and 9145).  

 

We prepared eight fungal inocula from these strains: endophyte Pestalotiopsis sp. 9143 with 

Luteibacter sp. 9143; endophyte Microdioplodia sp. 9145 with Luteibacter sp. 9145; each 

endophyte growing axenically after removal of EHB via antibiotic treatments (i.e., cured strains; 

see below); each endophyte with its native EHB after removal and resynthesis of the 

association; and each endophyte after removal of EHB and cross-infection with a novel EHB 

(Pestalotiopsis sp. 9143 with Luteibacter sp. 9145, and Microdiplodia sp. 9145 with Luteibacter 

sp. 9143). We also prepared two bacterial inocula: Luteibacter sp. 9143 and Luteibacter sp. 



	   54	  

9145, each growing axenically. Unless otherwise stated, fungal strains were maintained on 2% 

malt extract agar (MEA) at 25°C and bacterial strains were grown in Luria broth (Bertani 1952) 

at 25°C. 

 

To establish axenic fungal cultures, each endophyte was cured of its EHB by cultivation on 2% 

MEA amended with four antibiotics: ampicillin (100 µg/ml), kanamycin (50 µg/ml), tetracycline 

(10 µg/ml), and ciprofloxacin (40 µg/ml) (see Fisher et al. 1986, Rodrigues 1994, Lodge et al. 

1996, Gamboa and Bayman 2001, Hoffman and Arnold 2010). To resynthesize native 

associations and to inoculate endophytes with novel EHB, each axenic fungus was blended 

individually in three, 5 sec, high-speed pulses in a sterile blender (Waring 51BL31). Fungal 

suspensions were quantified with a spectrophotometer (OD 600) and normalized with respect to 

axenic bacterial inocula at a ratio of 5:1 mycelium:bacteria. The resulting mixture was co-

cultured in 1X potato dextrose broth for 7 d at 27°C in full darkness, with agitation on a rotary 

shaker at 100 rpm. After incubation, each co-culture was plated on 2% water agar. Bacterial 

infection status was verified as described below.  

 

Molecular analyses of EHB 

Genomic DNA was extracted directly from fresh fungal mycelium collected from inside the 

growing edge of a fungal colony using a modified protocol from the Extract-N-Amp tissue PCR 

kit (Sigma-Aldrich). Mycelium was ground with a sterile pestle prior to heat lysis. Genomic DNA 

was screened for the presence of bacteria by 16S rRNA PCR using RedTaq (Sigma) and 

primers 27F/1492 (Lane 1991). PCR conditions followed Hoffman and Arnold (2010) with the 

following amendments: 50°C annealing temperature and 40 cycles. Positive and negative 

controls were used in every PCR. 
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Positive 16S rRNA PCR products were cleaned using ExoSAP-IT (Affymetrix) and Sanger-

sequenced bidirectionally at the University of Arizona Genetics Core. Sequences were 

assembled automatically, bases called, and quality scores assigned by phred (Ewing and Green 

1998) and phrap (Ewing et al. 1998) with orchestration by Mesquite v. 1.06 (Maddison and 

Maddison 2011).  

 

Consensus sequences were edited manually in Sequencher 5.1 (Gene Codes Corporation) and 

compared against the known sequences obtained from the same specimens by (Hoffman and 

Arnold 2010). In all cases, sequences were 100% identical to those of the previously studied 

samples. Sequences also were queried against GenBank using BLASTn (Altschul et al. 1990, 

Benson et al. 2014). Taxonomic placement within Luteibacter, validated previously by 

phylogenetic analysis for 9143 (Hoffman et al. 2013), was confirmed using a ≥ 99% match over 

the full sequence length. As needed, the same methods were used to confirm the identity of 

EHB growing axenically.  

 

We did not identify any additional EHB or free-living bacteria in the fungal cultures used in this 

study. Negative PCR products (i.e., those for which no bands were evident after 16S rRNA 

PCR) were cloned (Agilent, StrataClone) following the manufacturer’s instructions for reactions 

using half volumes. No positive clones were recovered from fungi after antibiotic treatment or 

from negative controls. 

 

LIVE/DEAD staining  

Microscopy and staining using the LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen) was 

used to confirm that EHB in fungal mycelia that were positive in the 16S assay were not present 

outside of fungal hyphae (i.e., were not ectosymbiotic or extrahyphal) and were viable (Hoffman 

and Arnold 2010). A Leica 4000MB compound microscope with a 100-W mercury arc lamp was 
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used for fluorescent imaging at room temperature with a Chroma Technology 35002 filter set 

(480-nm excitation/520-nm emission) and 100X APO oil objective.  

 

To prepare samples for visualization, fresh hyphae were scraped from the surface of the 

growing edge of each colony on 2% MEA. Hyphae were placed on a glass slide with 15 µl of 

1:1:18 LIVE/DEAD stain (component A: component B: diH2O), covered with a coverslip, and 

incubated in darkness for 20 min. Sterile distilled water then was pulled through the slide mount 

with blotting paper. Slides were sealed with clear acrylic nail polish, which was allowed to dry 

before viewing. Three replicate slides were prepared per fungal culture, and in all cases, 

replicates from the same material were consistent. The presence of viable EHB was defined by 

positive PCR results and a lack of extrahyphal or ectosymbiotic bacteria (as determined by 

comparison with contaminated strains; Fig. 1). 

 

In vitro cellulase and ligninase activity assays 

For each of ten inocula (eight fungal, two bacterial), we inoculated six Petri dishes containing 

equal volumes of 2% MEA amended with 0.5% carboxymethylcellulose (i.e., cellulose medium; 

cellulase assay) or 2% water agar amended with 0.05% indulin (i.e., lignin medium; ligninase 

assay) following Gazis et al. (2012). Each fungal inoculum consisted of a 6mm plug of actively 

growing mycelium, which was placed on the assay plate with the mycelial surface in contact 

with the medium. Each inoculum for axenic bacteria consisted of a transfer by sterile loop from a 

three-day-old colony on 2% MEA. Inoculated plates were incubated at 22°C in darkness for 10 d 

(fungal inocula) or three d (axenic bacterial inocula). Colony diameter was then was measured 

with a ruler. Measurements were taken on two perpendicular axes that intersected at the colony 

center, and were averaged to yield the final diameter value.  
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To evaluate clearing of the medium due to enzyme activity (i.e., to quantify enzyme activity), 

hyphae were scraped from the surface of the plate with a rubber policeman and sterile water. 

Plates then were flooded with a 0.2% w/v Congo red solution (cellulase assay) or a 1.0% w/v 

FeCl3 and K3 [Fe(CN)]6 solution (ligninase assay), incubated at room temperature for 40 min, 

and washed several times with 1M NaCl (Gazis et al. 2012).  

 

Clearing of the medium either beneath colonies or beyond the growing edges provided evidence 

of enzyme activity. If present, the extent of activity was evaluated by measuring the zone of 

clearing beyond the colony edge. The zone of clearing was measured with a ruler on two 

perpendicular axes as above.  

 

The presence and extent of enzyme activity was evaluated twice for each fungus with its native 

bacterial associate and when grown axenically. These assays were conducted once for the 

resynthesized associations and novel associations, and for the bacteria growing axenically. 

Presence/absence of activity was consistent across all replicates for each inoculum in each trial, 

and did not differ by trial when trials were replicated. Here we focus on the second trial because 

the first trial did not include all inoculum types, results of the first and second trials were 

qualitatively consistent, and because the first trial was conducted at a lower temperature (22°C), 

resulting in less growth than was observed in the second trial.  

 

Statistical analyses for growth and enzyme assays 

Colony diameter for each fungal inoculum type was compared within each assay type to 

determine effects of EHB presence and identity on fungal growth and enzyme activity. Diameter 

values were normally distributed and were compared with ANOVA, followed by post-hoc 

Student’s t-tests. A Bonferroni-adjusted alpha level of 0.0083 was used for each post-hoc test. 
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Colony diameters for axenic bacteria were obtained on cellulase assay plates, but these 

bacteria did not grow on ligninase assay plates. Their diameter values on cellulase assay plates 

were normally distributed and were compared (i.e., 9143 vs. 9145) using a t-test. 

 

The extent of clearing for each fungal inoculum was scaled by colony diameter prior to analysis. 

Values were then compared to determine effects of EHB presence and identity. Because 

enzyme activity values were not normally distributed, means were compared using a Kruskal-

Wallis test, followed by post-hoc Mann-Whitney tests. A Bonferroni-adjusted alpha level of 

0.0083 was used for each post-hoc test.  No clearing of the medium was observed beyond the 

colony edge for the axenic bacteria on cellulase assay plates. All analyses were carried out in 

JMP v. 11.0.0 (SAS Institute, Cary, North Carolina, USA). 

 

In vitro mass-loss experiments 

Fresh (i.e., living, asymptomatic, and green) and dry (i.e., senescent, asymptomatic, and brown) 

leaf material was collected from three individuals of each of three species of Cupressaceae 

(Platycladus orientalis, Cupressus arizonica and Juniperus deppeana) at the University of 

Arizona Campus Arboretum. Leaf material was collected in late spring to early summer from 

branches ca. 1.5 m above ground. All trees were apparently healthy and were cultivated in a 

park-like setting with supplemental water.  

 

Two mass-loss experiments were conducted. In the first preliminary experiment, we focused on 

seven endophyte/EHB associations, with inocula prepared as above but including only the 

native association and axenic fungus in each case: Pestalotiopsis sp. 9143 with Luteibacter sp. 

9143; Microdiploda sp. 9145 with Luteibacter sp. 9145; Cladosporium sp. 9128 with 

Curtobacterium sp. 9128, Alternaria sp. 9055 with Sphingomonas sp. 9055, Microdiplodia sp. 

9145 with Erwinia sp. 9145, Microdiplodia sp. 9140 with Pantoea sp. 9140, and Microdiplodia 
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sp. 9140 with Rhizobium sp. 9140. These associations were isolated from Platycladus orientalis 

in a previous study (Hoffman and Arnold 2010) and are accessioned at the Robert L. Gilbertson 

Mycological Herbarium at the University of Arizona (accessions MYCO-ARIZ 9128, MYCO-ARIZ 

9140, MYCO-ARIZ 9143, MYCO-ARIZ 9145, MYCO-ARIZ 9055). We evaluated the mass loss 

of green and senescent tissues of three species of Cupressaceae, listed above. 

 

In the second experiment, we focused only on Pestalotiopsis sp. 9143 and Microdiplodia sp. 

9145. We used the eight fungal inocula described above, including axenic, native, 

resynthesized, and cross-infected associations, and considered green and senescent tissues of 

three species of Cupressaceae, listed above. 

 

In each experiment, leaf samples were washed in tap water and placed in 0.5 g amounts into 

individual, sterile 100 mm Petri plates. Three plates (experiment 1) or six plates (experiment 2) 

were prepared per tissue type and sample for each inoculum type. Each leaf sample was 

surface-sterilized by flooding with 95% EtOH (10 sec) followed by 0.53% NaOCl- (2 min), and 

70% EtOH for (2 min) (Arnold and Lutzoni 2007). Each sample then was inoculated with 3mL of 

sterile water and 75uL of fungal inoculum prepared by grinding a 6mm plug of actively growing 

mycelium on 2% MEA in 1 mL sterile water. Control treatments consisted of a 6mm plug of 

sterile medium ground in 1 mL of sterile water. To evaluate whether fungi present in leaf tissue 

prior to inoculation could influence our results, an additional trial was included in which samples 

of dry material from P. orientalis were collected and autoclaved (1.2 bar, 20 min) after surface-

sterilization to inactivate endogenous endophytes.  

 

Plates were wrapped three times with Parafilm, weighed immediately, and then incubated at 

room temperature with approximately 12 h light/dark cycles. Plates were weighed weekly for 6 

weeks. At the end of the experiment, fungal growth was scored visually on a scale from 0 to 4 (0 
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= no visible growth, 1 = 1-25% coverage, 2 = 26-50% coverage, 3 = 51-75% coverage and 4 = 

76-100% coverage of available leaf material by fungal mycelium). Mass loss was calculated as 

the difference in mass of each sample after 6 weeks relative to the original mass, scaled by 

original weight. Mass was predicted to leave each sample in the form of carbon dioxide due to 

aerobic respiration and to a lessor extent, water vapor. For each fungal inoculum, mean scaled 

mass loss was compared by ANOVA to determine the effects of EHB presence and identity, 

followed by post-hoc Student’s t-tests with a Bonferroni-adjusted alpha level of 0.0083. All 

analyses were carried out in JMP v. 11.0.0 (SAS Institute, Cary, North Carolina, USA). 

 

Results 

Growth on cellulase assay plates 

All fungal inocula, and both axenic bacteria, grew successfully on cellulase assay plates (Table 

1). For both Pestalotiopsis sp. 9143 and Microdiplodia sp. 9145, colony diameter on that 

medium was not influenced significantly by the presence or absence of EHB (Fig. 2). For each 

fungal species, colony diameter on cellulase assay plates did not differ between resynthesized 

associations (i.e., the fungus and its native EHB reassociated after curing) and native 

associations with EHB.  

 

However, growth of both fungal strains was influenced by the identity of EHB (Fig. 2). Growth of 

Pestalotiopsis sp. 9143 was significantly reduced when infected by Luteibacter sp. 9145 relative 

to infection by Luteibacter sp. 9143 or axenic growth (Fig. 2). Growth of Microdiplodia sp. 9145 

was significantly increased when infected by Luteibacter sp. 9143 relative to infection by 

Luteibacter sp. 9145 or axenic growth (Fig. 2). In both cases, fungi infected with Luteibacter sp. 

9143 grew more than conspecific fungal strains infected with Luteibacter sp. 9145 (Fig. 2). The 

growth of axenic bacteria was similar between the two bacterial species (Fig. 2). 
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Growth on ligninase assay plates 

All fungal inocula grew successfully on ligninase assay plates (Table 1). Neither axenic 

bacterium grew on this medium (Table 1).  

 

For both Pestalotiopsis sp. 9143 and Microdiplodia sp. 9145, colony diameter on indulin medium 

was not influenced by the presence vs. absence of EHB, nor by EHB identity (Fig. 3). For each 

fungal species, colony diameter was greater in the resynthesized association (i.e., the fungus 

and its native EHB re-associated after curing) and after curing and cross-inoculation with the 

non-native bacterium, relative to the native associations or when growing axenically (Fig. 3). 

Within each fungal species, growth was similar between the resynthesized and the inoculated 

strains regardless of the identity or novelty of the EHB (Fig. 3).   

 

Presence/absence of cellulase activity 

The presence of EHB influenced cellulase activity. For Pestalotiopsis sp. 9143, clearing of the 

cellulose medium was observed for all fungal inocula containing EHB, but not when the fungus 

was grown axenically (Table 1). The same result was obtained for Microdiplodia sp. 9145 (Table 

1). The cellulose medium was also cleared by both bacteria when grown axenically (Table 1). 

 

Quantification of cellulase activity 

For Pestalotiopsis sp. 9143, the identity of EHB did not significantly influence the extent of 

clearing beyond colony edges on cellulose medium (Table 1). Clearing was consistent when the 

fungus was infected natively with Luteibacter sp. 9143, resynthesized after curing, or infected by 

Luteibacter sp. 9145. Similarly, for Microdiplodia sp. 9145, the identity of EHB did not 

significantly influence the zone of clearing beyond colony edges on cellulose medium (Table 1). 

 

Presence/absence of ligninase activity   
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For Pestalotiopsis sp. 9143, clearing of the indulin medium was observed for all fungal inocula 

except that containing Luteibacter sp. 9145 (Table 1), indicating an effect of EHB identity and an 

intrinsic capacity of the fungus to clear the indulin medium when growing axenically. Clearing 

was only observed for Microdiplodia sp. 9145 when it was grown axenically: the presence of 

EHB was associated with a loss of ligninase activity (Table 1). As mentioned above, both axenic 

bacteria failed to grow on the indulin medium. 

 

Quantification of ligninase activity   

For Pestalotiopsis sp. 9143, the identity of EHB significantly influenced the zone of clearing 

beyond colony edges (Table 1). Clearing was significantly greater when the fungus was infected 

with its native bacterium (Luteibacter sp. 9143, either naturally or through curing and 

resynthesis), or when grown axenically, than when it carried Luteibacter sp. 9145 (for which no 

clearing was observed outside the colony edge; Table 1). Clearing by the fungus with 

Luteibacter sp. 9143 did not differ significantly from clearing by the fungus when grown 

axenically (Table 1). 

 

For Microdiplodia sp. 9145, the presence of EHB prevented clearing beyond colony edges while 

the axenic strain displayed significantly more clearing (Table 1). No zone of clearing was 

observed when fungal inocula contained EHB, and the identity of the EHB did not influence 

clearing of the medium (Table 1).  

 

In vitro mass loss experiment 1 

When results for seven fungal strains were considered together, the percent of mass lost during 

the experiment from green foliage of P. orientalis did not differ as a function of the presence or 

absence of EHB in fungal inocula (Fig. 4). Similarly, EHB did not influence mass loss from green 

foliage of J. deppeana or C. arizonica, nor from senescent tissue of those species 



	   63	  

(Supplementary Fig. 1). However, the presence of EHB in fungal inocula led to significantly 

greater mass loss from senescent foliage of P. orientalis compared to fungi without EHB (Fig. 

4).  

 

In vitro mass loss experiment 2 

In the second mass-loss experiment, no significant difference was observed in the percent of 

mass lost from fresh material of P. orientalis as a function of EHB presence or identity (Fig. 5A, 

Pestalotiopsis; Fig. 5B, Microdiplodia). However, mass loss differed significantly in senescent 

tissue of P. orientalis as a function of EHB treatment within each fungal host. Significantly more 

mass was lost from senescent foliage treated with Pestalotiopsis sp. 9143 with its native 

bacterium than when treated by the axenic fungus (Fig. 5C). Mass loss due to the resynthesized 

association did not differ significantly from treatment with the native association (Fig. 5C). The 

presence of Luteibacter sp. 9145 led to a decrease in mass loss relative to the same fungus 

containing Luteibacter sp. 9143 (Fig. 5C).   

 

Mass loss differed significantly in senescent tissue of P. orientalis treated with Microdiplodia as 

a function of EHB presence, but not identity (Fig. 5D). Mass loss was significantly greater when 

Microdiplodia contained EHB vs. treatment by the axenic fungus (Fig. 5D). There was no 

difference in mass loss among Microdiplodia strains with the native bacterium, following 

resynthesis with Luteibacter sp. 9145, or following cross-infection with Luteibacter sp. 9143.  

 

Mass loss was consistent for both fungi when they contained Luteibacter sp. 9143, but not when 

they contained Luteibacter sp. 9145. In that case, mass loss was greater in the native 

association than in the cross-infected association (Fig. 5C and 5D; t = 5.250, df = 9, P = 
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0.0005). Results were consistent when P. orientalis tissue was autoclaved prior to the 

experiment (results not shown). 

 

Each plate was scored visually for hyphal coverage at the end of the experiment. Mass loss was 

positively related to the prevalence of hyphal coverage (Fig. 6). 

 

Discussion 

 

Fungi are important in all terrestrial ecosystems, where they influence plant health and serve as 

the major drivers of plant-tissue decomposition and resultant nutrient cycling (Alexopoulous et 

al. 1996). Increasingly it is clear that fungi frequently host endohyphal bacteria (Bianciotto et al. 

2003, Bertaux et al. 2005, Izumi et al. 2006, Sharma et al. 2008, Sato et al. 2010, Hoffman and 

Arnold 2010, Desiro et al. 2014a, Desiro et al. 2014b). Recently it has been shown that EHB 

can influence fungal phenotypes and their interactions with host plants, including those of 

pathogens, mycorrhizal fungi, endophytes, and saprotrophs (Lumini et al. 2007, Partida-

Martinez et al. 2007b, Sharma et al. 2008, Sato et al. 2010, Ghignone et al. 2012, Hoffman et al. 

2013). In some arbuscular mycorrhizal associations, EHB are essential for fungal sporulation 

(Partida-Martinez et al. 2007b) and may alter substrate use (Ghignone et al. 2012). However, 

effects of EHB on fungal life cycles have not been investigated for foliar fungi that are predicted 

to have a saprotrophic phase (Herre et al. 2005).  

 

Here we examined the influence of EHB on foliar fungi with a focus on substrate use, enzyme 

activity, and the ability to degrade plant material. We focused specifically on cellulase and 
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ligninase activity because of the central importance of such enzymes to plant cell wall 

decomposition and their applications in biofuel production and related industries. Our study is 

the first to evaluate how EHB influence enzymatic activity of fungi. Our work reveals the 

previously overlooked importance of these bacterial endosymbionts in cellulase and ligninase 

activity and plant decomposition. Moreover, we show that particular bacteria have distinctive 

phenotypic effects, which differ as a function of the fungus that they inhabit.  

 

An important aspect of this work was the establishment of protocols for curing fungal strains of 

their EHB, reintroducing EHB to those cured cultures, and exchanging EHB among fungal taxa. 

Here, we showed that Luteibacter strains could be transferred to establish new symbioses with 

novel fungal hosts in a different class of Ascomycota, consistent with previous suggestions of 

horizontal transfer and facultative associations of EHB and foliar fungi (Hoffman et al. 2013). 

Moreover, we showed that two EHB strains that were 100% identical in their 16S rRNA had 

different effects on their original and novel hosts, consistent with genomic differences that are 

currently being evaluated (Baltrus et al., in prep.). In general, bacterial-fungal associations that 

were generated by resynthesis were very similar in phenotype to original associations (but see 

ligninase results, above).  

 

Substrate use 

Using in vitro assays, we found that EHB influenced the ability of focal fungi to use cellulose- 

and lignin-based substrates. Although growth on the cellulase assay medium did not differ as a 

function of the presence and absence of EHB, the identity of the bacterial strain resulted in 

differences in growth on that medium.  In those assays, inoculation with Luteibacter sp. 9143 

always yielded greater growth than inoculation with Luteibacter sp. 9145.  
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In growth assays on the ligninase assay medium, the capacity of fungi to grow was not 

influenced by presence, absence, or identity of EHB. Resynthesized and cross-infected strains 

grew more than did strains with the native infection. Previous observations (K. Arendt, in prep.) 

indicate that resynthesis is most effective on low-nutrient conditions. The absence of malt 

extract in the ligninase assay medium resulted in it having a lower nutrient composition than the 

cellulase assay medium. This may lead to enhanced fungal growth when nutrients are limiting 

due to EHB presence, particularly if the bacterial titer is increased by the resynthesis process. In 

future work we will test the hypothesis that the greater growth of resynthesized strains on 

ligninase assay plates may reflect an increased bacterial titer relative to naturally infected 

strains. We have observed the loss of EHB from fungal cultures having been repeatedly 

subcultured or in long-term storage (Hoffman et al. 2013), potentially contributing to a disparity 

in titer levels between recultured, native associations and newly resynthesized associations. 

 

EHB can alter fungal enzyme activity 

EHB can alter cellulase and ligninase activity of foliar fungi in vitro. Enzyme activity may be 

altered by presence of EHB (cellulase) or determined by the genotype of the symbionts 

(ligninase). The increase of fungal cellulase activity as a result of bacterial infection may be due 

to enzyme production by the bacterium, or an increased activity due to the symbiosis. Axenic 

Luteibacter sp. 9143 and 9145 grew on cellulase medium plates, and exhibited cellulase activity 

under the bacterial colonies. However, neither of the bacteria grew on ligninase medium plates. 

Thus, fungal ligninase activity may be associated with a change in fungal growth as a result of 

EHB identity, rather than production of ligninase enzymes by the bacteria themselves.  
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In general, we observed that when bacterial treatment affected fungal growth on one medium, 

we saw no change or a change in growth in the same direction on the other medium. The 

exception was Pestalotiopis sp. 9143 inoculated with Luteibacter sp. 9145, which grew less on 

cellulase medium and more on liginase medium relative to the axenic fungus or the natural 

association. Pestalotiopis sp. 9143 with Luteibacter sp. 9145 demonstrated cellulase activity but 

not ligninase activity, and thus differed in both assays from the axenic fungus and the natural 

association. Because the pattern differed in Microdiplodia, our results can be taken to suggest 

that specific associations, and novelty of interactions, can be powerful in shaping the outcome 

of enzyme activity.  

 

EHB increased fungal degradation of leaf litter  

In two experiments, EHB increased fungal degradation of, and fungal growth on, senescent 

foliage of the host species from which fungi were originally isolated (P. orientalis). However, 

EHB did not influence degradation of leaf litter from other confamilial trees, nor living material 

from any host species. In future work we will evaluate the hypothesis that specific signals 

produced in living foliar tissue or at the onset of plant tissue death influence fungal/bacterial 

growth and activity.  

 

In Pestalotiopsis, we observed greater mass loss when associations demonstrated both 

ligninase and cellulase activity (vs. only ligninase or only cellulase activity). Each Microdiplodia 

inoculum was only active in one enzyme, but in that species the presence or degree of cellulase 

activity was the more important indicator of potential mass loss. 
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Conclusions 

Together, our results reveal that EHB can influence enzymatic activity and plant biomass 

degradation by fungal endophytes. Because they can also be horizontally acquired, they may 

help shape plant-fungal interactions, resultant ecosystem services, and the functional 

diversification of plant-associated fungi along the saprotroph-endophyte continuum. 
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Table 1. Effects of endohyphal bacteria (EHB) on fungal growth on enzyme assay plates 

and the presence/absence of cellulase and ligninase activity. Columns indicate the identity 

of fungi, the identity of bacteria, the status of each culture, and the presence/absence of growth 

and activity observed on cellulase and ligninase assay plates. ‘Yes’ for growth indicates that 

growth was observed; quantitative results are presented in Fig. 2 and Fig. 3. ‘Yes’ for activity 

indicates observed clearing of the medium; quantitative results are presented in Supplementary 

Table 1. Within each panel, superscripts within columns are the same if quantitative results for 

active strains did not differ significantly. The last two rows indicate results for axenic bacterial 

cultures. Statistics relevant to each code: cellulase column A: χ2 = 5.64, df = 2, P = 0.0595; a: 

χ2 = 0.29, df = 2, P = 0.8640; 1, values were identical. Ligninase column, A, χ2 = 5.71, df = 2, P 

= 0.0574. 

 

Fungus Bacterium Status Growth Activity 

Cellulase 

medium 

Ligninase 

medium 

Cellulase 

activity 

Ligninase 

activity 

Pestalotiopsis sp. 9143 Luteibacter sp. 9143 Naturally infected Yes Yes YesA YesA 

Pestalotiopsis sp. 9143 Luteibacter sp. 9143 Resynthesized Yes Yes YesA YesA 

Pestalotiopsis sp. 9143 Luteibacter sp. 9145 Cross-infected Yes Yes YesA No 

Pestalotiopsis sp. 9143 None Axenic fungus Yes Yes No YesA 

Microdiplodia sp. 9145 Luteibacter sp. 9145 Naturally infected Yes Yes Yesa No 

Microdiplodia sp. 9145 Luteibacter sp. 9145 Resynthesized Yes Yes Yesa No 

Microdiplodia sp. 9145 Luteibacter sp. 9143 Cross-infected Yes Yes Yesa No 

Microdiplodia sp. 9145 None Axenic fungus Yes Yes No Yes 

None Luteibacter sp. 9143 Axenic bacterium Yes No Yes1 N/A 

None Luteibacter sp. 9145 Axenic bacterium Yes No Yes1 N/A 
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Figure legends 

Figure 1. Visualization with BacLight Live/Dead reveals lack of epi- or extra-hyphal bacteria in 

fungal cultures (Panels A-P). Panels show brightfield illumination (100X APO oil objective, 

black/white) or the results of staining with BacLight Live/Dead strain followed by visualization 

with a Chroma Technology 35002 filter set (black/color: living bacteria and fungal organelles 

fluoresce bright green; dead cells fluoresce red). A and B, Pestalotiopsis sp. 9143 naturally 

infected with Luteibacter sp. 9143; C and D, axenic Pestalotiopsis sp. 9143; E and F, naturally 

infected Pestalotiopsis sp. 9143 with artificially augmented extrahyphal bacteria, here illustrating 

their visibility when present outside fungal cells; G and H, axenic Luteibacter sp. 9143; I and J, 

Microdiplodia sp. 9145 naturally infected with Luteibacter sp. 9145; K and L, axenic 

Microdiplodia sp. 9145; M and N, naturally infected Microdiplodia sp. 9145 with artificially 

augmented extrahyphal bacteria; O and P, axenic Luteibacter sp. 9145. 

Figure 2. Mean colony diameter of Pestalotiopsis sp. 9143, Microdiplodia sp. 9145, and axenic 

bacteria during cellulase assays as a function of EHB (Luteibacter sp. 9143 or Luteibacter sp. 

9145) and type of association (+ = naturally infected, R = re-associated, none = no 

bacterium/axenic). Error bars represent one standard error. Different letters indicate significantly 

different means from post hoc tests. 

Figure 3. Average colony diameter of Pestalotiopsis sp. 9143 or Microdiplodia sp. 9145 on 

indulin medium as a function of bacterial strain (Luteibacter sp. 9143 or Luteibacter sp. 9145) 

and type of association (+ = naturally infected, R = re-associated, none = no bacterium/axenic). 

Error bars represent one standard error. Different letters indicate significantly different means 

from post hoc tests. 
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Figure 4. Results of in vitro mass-loss experiment for P. orientalis foliage, including (A) fresh, 

green leaf material and (B) senescent leaf material treated with each of seven foliar fungi with 

(+) and without (–) EHB. Error bars represent standard error about the mean. Different letters 

indicate significantly different means from post hoc tests. 

Figure 5. In vitro mass loss from foliage of P. orientalis as a function of foliage state (fresh, 

senescent) and EHB status for each fungus. (A) Pestalotiopsis sp. 9143, fresh material; (B) 

Microdiplodia sp. 9145, fresh material; (C) Pestalotiopsis sp. 9143, senescent material; (D) 

Microdiplodia sp. 9145, senescent material. Type of association: + = naturally infected, R = re-

associated, none = no bacterium. Error bars represent standard error about the mean. Different 

letters indicate significantly different means from post hoc tests. 

Figure 6. Visual results of mass-loss experiments. (A) Plates containing senescent tissue of P. 

orientalis treated with fungi differing in EHB status (control, axenic Microdiplodia sp. 9145, and 

Microdiplodia sp. 9145 with Luteibacter sp. 9145). (B) Relationship of mass loss vs. the visual 

score of fungal growth, with the 95% confidence interval for the linear fit shaded along the best-

fit line. 
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Fig. 1  

A B C D E F G H 

I J K L M N O P 



	   79	  

Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Supplementary Table 1. Effects of endohyphal bacteria (EHB) on fungal cellulase and 

ligninase activity. Columns indicate the identity of fungi, the identity of bacteria, the status of 

each culture, and the means and standard deviations of the normalized zones of clearing 

observed on cellulase and ligninase assay plates. The last two rows indicate results for axenic 

bacterial cultures.  

Fungus Bacterium Status 
Cellulase activity Ligninase activity 

 Mean ± SD  Mean ± SD 

Pestalotiopsis sp. 9143 Luteibacter sp. 9143 Naturally infected 1.02 ± 0.03 1.06 ± 0.01 

Pestalotiopsis sp. 9143 Luteibacter sp. 9143 Resynthesized 1.01 ± 0.01 1.01 ± 0.03 

Pestalotiopsis sp. 9143 Luteibacter sp. 9145 Cross-infected 1.00 ± 0.00 0.00 ± 0.00 

Pestalotiopsis sp. 9143 None Axenic fungus 0.00 ± 0.00 1.02 ± 0.03 

Microdiplodia sp. 9145 Luteibacter sp. 9145 Naturally infected 1.04 ± 0.02 0.00 ± 0.00 

Microdiplodia sp. 9145 Luteibacter sp. 9145 Resynthesized 1.03 ± 0.01 0.00 ± 0.00 

Microdiplodia sp. 9145 Luteibacter sp. 9143 Cross-infected 1.03 ± 0.01 0.00 + 0.00 

Microdiplodia sp. 9145 None Axenic fungus 0.00 ± 0.00 1.14 ± 0.06 

None Luteibacter sp. 9143 Axenic bacterium 1.00 ± 0.00 N/A 

None Luteibacter sp. 9145 Axenic bacterium 1.00 ± 0.00 N/A 
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Supplementary Figure 1. Results of in vitro mass-loss experiment fresh and senescent tissue 

of Juniperus deppeana and Cupressus arizonica as a function of treatment with seven fungi with 

(+) and without (–) EHB.  (A) fresh material of J. deppeana,  (B) senescent material of J. 

deppeana, (C) fresh material of C. arizonica, and (D) senescent material of C. arizonica. Error 

bars represent standard error about the mean. Different letters indicate significantly different 

means from post hoc tests. 
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