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Highlights 

 Metabarcoding was used to study fungal endophytes of Olea europaea in South 
Africa. 

 Site and host identity shape fungal endophyte assemblages of O. europaea 
subspecies. 

 The African olive harboured higher fungal richness than the European olive. 
 More fungal endophytes were shared between hosts than were exclusive to each. 

Abstract 

Host identity and location help shape fungal endophyte assemblages in plants. Hosts 
act as uptake filters from the environment and closely related hosts in the same location 
may harbour similar assemblages. We assessed the influence of host identity and 
geographic location on endophytic fungal assemblages within the native African olive 
and cultivated European olive in South Africa using high throughput sequencing. As 
hypothesised, the two hosts were found to share many endophytic species, but alpha 
diversity was lower within the European olive. The two hosts had significantly 
dissimilar endophyte assemblages. Distance between sites positively correlated with 
endophyte assemblage dissimilarities, demonstrating a strong effect of the surrounding 
environment on endophyte assemblages. African olive individuals had highly 
connected endophyte assemblages, unlike those within the European olive. Microbiome 
sharing and disconnected assemblages may have negative impacts on the health of the 
cultivated host. 

Keywords: Olea europaea subsp. cuspidate; Olea europaea subsp. europaea; Olea 
Africana; Core Cape Subregion; Mediterranean-type ecosystem; Plant health; Olive 
industry; Geographic location; Metabarcoding 
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1. Introduction 

Plants are colonised by a diverse range of microorganisms that influence plant health 
and growth in either a positive, negative or neutral manner (Hajishengallis et al., 2012). 
Fungi that live within plant tissues without having any obvious effects on the plant are 
termed fungal endophytes (Schulz and Boyle, 2006; Hyde and Soytong, 2008). Under 
changing environmental or within-host conditions, the activity of some endophytes may 
change to either beneficial or detrimental (Saikkonen et al., 1998; Slippers and 
Wingfield, 2007). Fungal endophytes of closely related introduced and native hosts 
often expand or shift hosts to include the newly encountered taxon (Slippers et al., 
2005; Glen et al., 2007; Perez et al., 2012). Despite these host shifts or expansions, 
exotic (often cultivated) hosts tend to harbour lower fungal endophyte diversity 
compared to their native relatives (Saikkonen et al., 2000; Coleman-Derr et al., 2016). 
In addition to taking up fungi from the new surroundings, introduced hosts can maintain 
associations with some endophyte species from their native range (Power et al., 2017). 
Therefore, although hosts lose some fungal endophytes when translocated, they retain 
some and take up new fungi from the surrounding flora in the introduced range. 

Most plant-associated endophytic fungi are acquired from the surrounding environment 
(Saikkonen et al., 2000; Helander et al., 2007; Christian et al., 2016). Consequently, 
local conditions such as surrounding plant communities and geographic location can 
greatly influence endophyte assemblage composition. For example, in Olea europaea 
subsp. europaea (European olive) fungal endophyte assemblages differ markedly 
between different plant organs, locations and seasons (Abdelfattah et al., 2015; Martins 
et al., 2016; Gomes et al., 2018). Even slight differences in host identity, such as 
differences in olive cultivars, can have a significant influence on these assemblages 
(Costa et al., 2021). The differences in these endophyte assemblages can significantly 
impact host fitness. For example, the differences in susceptibility of European olive 
cultivars to diseases are thought to be driven, at least in part, by differences in their 
endophyte assemblages (Costa et al., 2021; Martins et al., 2021). Thus, the relationship 
between plants and their endophytes is complex and can be influenced by a range of 
biotic and abiotic factors. 

The economically important European olive belongs to the Olea europaea L. complex, 
along with five other subspecies, including O. europaea subsp. cuspidata (African 
olive) (Besnard et al., 2002; Green, 2002). The European olive is mainly cultivated in 
European Mediterranean-type climates (Vossen, 2007; Therios, 2009), but it is 
increasingly becoming important to the agroeconomy of regions with similar climate 
(Abdelfattah et al., 2015). In South Africa, it is often cultivated in areas where the 
African olive naturally occurs, as this close relative was used as a proxy for ideal 
cultivation environments (Costa, 1998). The African olive is also an important plant for 
its wide range of uses. It is used for agricultural purposes (as root stocks for the 
European olive), as a garden plant, and for medicinal purposes, shade provision and as 
a source of firewood (Costa, 1998; Besnard et al., 2007; Amabeoku and Bamuamba, 
2010; Aumeeruddy-Thomas et al., 2017). The close taxonomic relationship between 
the European and African olive, combined with their frequent contact due to their 
proximity, increase the chances of microbial exchange between them in South Africa. 
Yet, research has focused mainly on pest and pathogen identification and management, 
and on improving cultivation practices (Agricultural Research Council, 2010; Costa, 
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2018; van Dyk et al., 2021a, 2021b). Endophytic fungal associations have yet to receive 
much attention. 

Given the close taxonomic relationship and the vast distances between the native 
habitats of the African and European olives, the ecological ramifications of sharing 
their endophytes, or loss of endophytic diversity are unclear. The limited available 
research in South Africa focuses on pathogenic fungi, mostly of the European olive, but 
occasionally include the African olive. In the study of Spies et al. (2020), 99 fungal taxa 
were isolated, an overwhelming majority of which have not previously been recorded 
in olives. Van Dyk et al. (2021a) investigated olive trunk pathogens in South Africa 
and identified Neofusicoccum australe, Pleurostoma richardsiae, Phaeoacremonium 
parasiticum and Pseudophaeomoniella globosa as culprits. Other South African 
research efforts have focused on economically important fungal groups, such as the 
Diatrypaceae and Cytospora (Valsaceae) occurring on different plants including the 
cultivated and native olives (Adams et al., 2006; Moyo et al., 2019). In addition, during 
screenings for causal agents of olive scab and olive anthracnose, respectively, Venturia 
oleagina and Colletotrichum gloeosporioides, were identified as causal agents of 
disease (Gorter, 1956, 1962). The origins of most of the pathogenic fungi of European 
olives in South Africa are unknown but may include those that expanded their host 
ranges from the African olive where they may occur as benign endophytes. 
Consequences of these expansion have yet to be investigated. 

The purpose of this study was firstly to characterise the endophyte fungal mycobiome 
associated with twigs of both the native African olive and the closely related cultivated 
European olive in South Africa. Due to their close taxonomic affiliations, it was 
hypothesised that they would share many fungal species, especially when growing in 
close proximity (Bufford et al., 2016). Since introduced taxa can retain some native 
associates (Saikkonen et al., 2000; Martín-García et al., 2012), it was expected that 
some taxa known to be associated with the European olive in other olive growing 
regions globally would be present in this cultivated host in South Africa. Due to the 
long co-evolutionary history between native fungi with native hosts and reduction in 
endophyte diversity observed in some introduced hosts (Saikkonen et al., 2000), it was 
hypothesised that the native host would harbour more diverse endophytic fungal 
assemblages than the cultivated host. As geographic location plays a central role in 
endophyte assemblages of various plants (Collado et al., 1999; Gore and Bucak, 2007), 
it was hypothesised that endophyte assemblages of both hosts would be strongly 
influenced by sampling location and the distances between them. The results of this 
study elucidate important factors that influence the fungal mycobiome of tree species 
that are of both economic and ecological significance in a biodiversity hotspot, the Core 
Cape Subregion (Manning and Goldblatt, 2012), and may point towards ways to best 
conserve both. 

2. Materials and methods 

2.1. Site selection and sampling design 

Six sites corresponding to the main olive production areas were sampled in the Core 
Cape Subregion (Table S1, Fig. 1). The region has a Mediterranean climate with dry 
summers and wet winters (Rebelo et al., 2006). Olea europaea subsp. europaea was 
sampled from olive orchards and residential gardens. Olea europaea subsp. cuspidata 
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was collected from the nearest natural or semi-natural areas to the sampled cultivated 
olives. The sampled locations of the native host covered a wide range of Fynbos Biome 
vegetation types (Mucina and Rutherford, 2006; Table S1). 

 

Fig. 1. Map of the Western Cape Province with the six sampled sites highlighted. Site colours 
correspond with the colour scheme in later figures. Insert: Map of South Africa. 

Sampling was conducted between late-May and early-July 2018 to minimise possible 
seasonal influence. Focal trees were randomly selected and were at least 50 m apart. 
Four asymptomatic, 5 cm long and 3–5 mm diameter twigs were collected per tree and 
combined into a single sample. Samples were taken from all four sides of an individual 
tree to minimise possible effect of differences in canopy orientation on endophyte 
assemblages. At each site, twigs were collected from ten trees per host. All twigs were 
from the previous season's growth to minimise possible successional influences on 
fungal endophytes properties. Twigs from each plant were kept in a re-sealable plastic 
bag and stored at −80 °C awaiting further processing. 

Twigs were surface sterilised through a sequential wash: 70% ethanol for 45 s, 3% 
sodium hypochlorite bleach for 1 min, 95% ethanol for 30 s and then double distilled 
water for 30 s (Slippers and Wingfield, 2007; Moral et al., 2010). A 2 cm section was 
cut from the centre of each sterile piece collected from each of the four sides of the tree, 
ground into fine powder with mortar and pestle, and combined into one tube. The 
mortar and pestle were cleaned using 70% ethanol, household bleach and autoclaved 
double distilled water between samples. Tubes were stored at −80 °C before DNA 
extraction. 
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2.2. DNA extraction 

DNA extraction followed the protocol developed by Doyle and Doyle (1990) with 
modifications detailed in Ngubane (2022). The quantity and quality of the resulting 
DNA was evaluated using a photometer (Eppendorf Vertrieb Deutschland GmbH, 
Germany). 

2.3. Library preparation 

Multiplex amplification of the fungal species was carried out in two consecutive PCR 
reactions. The first PCR (PCR1) was conducted using the ITS primers augmented with 
tags that carried a binding site for the indexing primers. During PCR1, the fungal ITS 
region was amplified from total DNA extracted from the olive twigs using the forward 
primer ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA- 3′, Gardes and Bruns, 1993) 
and reverse primer ITS4 (5′-TCCTCCGCTTATTGATATGC- 3′, White et al., 1990) 
modified for multiplex barcoding by Metabion (Planegg/Steinkirchen, Germany). 
Reaction volumes and thermal conditions were identical to those in Ngubane (2022). 
The presence of ITS amplicons was confirmed through a 0.8% agarose gel (Bio-budget 
Technologies GmbH, Germany) by electrophoresis supplemented with 1 μl ethidium 
bromide. To remove excess primers, homodimers, heterodimers and DNA, the PCR 
products were purified following the ExoSap protocol (New England BioLabs Inc., 
USA). PCR2 was conducted to add Illumina adapters and indices to PCR1 products. 
PCR2 volumes and thermal cycle conditions mirrored those detailed in Ngubane 
(2022). The presence of amplicons was confirmed on an agarose gel using 
electrophoresis. 

2.4. Sample pooling, purification, and library sequencing 

The PCR amplicons carrying ITS primers and adaptors were sequentially combined 
into pools such that at each pooling step there were fewer tubes until a single pool was 
prepared for sequencing. Equimolar pools were prepared by quantifying band 
intensities using ImageJ version 1.52a (Ferreira and Rasband, 2012). After each pooling 
round, the resulting pools were visualised on an agarose gel using electrophoresis and 
photographed in a UV chamber. These images were also examined on ImageJ and the 
band intensities were quantified. Pools with similar intensities were further pooled. 
Pools were subsequently purified using the CleanPCR® Kit (CleanNA, GC biotech 
B.V.). After the sequential pooling, the final pool was sent to the sequencing facility at 
the Genetics Department, Ludwig Maximilian University of Munich. At the facility 
2 × 250 bp paired-end sequencing was conducted using an Illumina MiSeq® sequencer 
(Illumina Inc., USA). 

2.5. Sequence cleaning, identification, and quantification 

Quality control and demultiplexing of the sequencing product were performed using 
the QIIME 1.9.1 pipeline (Caporaso et al., 2010). Sequence reads were extracted using 
the forward and reverse barcodes as identifiers. Forward reads were used for subsequent 
analyses. Tag-index barcodes were used to assign sequences to sample of origin, after 
which they were trimmed using the FASTX-Toolkit (v. 0.0.13, 
http://hannonlab.Cshl.edu/fastx_toolkit/). The trimmed sequences were clustered into 
operational taxonomic units (OTU) based on sequence similarities using CD-HIT-OTU 
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(http://weizhongli-lab.org/cd-hit-otu/; Li et al., 2012). Clusters were formed based on a 
97% similarity threshold (Stackebrandt and Goebel, 1994). Representative sequences 
were extracted and used for taxonomic assignment using QIIME and the UNITE v. 7.2 
database (Kõljalg et al., 2013). 

3. Analyses of fungal endophytes within the African and European olives 

3.1. Alpha-diversity 

Endophytic fungal OTU richness within twigs per tree species and per site was 
estimated using the non-parametric Jackknife2 (Burnham and Overton, 1978; Palmer, 
1991) and Chao2 (Chao and Lee, 1992) diversity measures in Primer6 (Anderson et al., 
2008). Fungal endophyte OTU richness and abundance were compared between the 
different sites and hosts using modelling procedures in R v. 3.1.2 (R Development Core 
Team, 2015). Abundance measures were based on 1) total number of sequence reads 
per sample and 2) relative abundance defined as the total percentage of tree individuals 
per species per site that contained a particular OTU (White and Bennetts, 1996). Species 
richness was based on 1) the total number of OTUs per sample and 2) richness rarefied 
to samples containing the least abundant OTU (total number of reads) using “rarefy” in 
Vegan v. 2.5–6 (Oksanen et al., 2008; Weiss et al., 2017). Stack plots of dominant 
families within the two hosts at the different sites were calculated and created using the 
Phyloseq v. 1.28.0 package (McMurdie and Holmes, 2013) in R. 

OTU abundance, richness and rarefied richness were compared between host taxa and 
sites using generalised linear models (GLM) fitted with a Laplace approximation and a 
Poisson family distribution in the lme4 v. 1.1–31 package in R (Bates and Sarkar, 2007). 
Relative abundance data were over dispersed; thus, the negative binomial family 
distribution was used. To improve the model fit and account for possible spatial 
autocorrelation, region was used as a random variable (Cape Town = Somerset West, 
Boland = Paarl and Stellenbosch, Olifants River Valley = Clanwilliam, Breede River 
Valley = Robertson and Swellendam). Where needed, significant main effects were 
further separated using conservative Tukey post hoc tests using the multcomp v. 1.4-10 
package (Hothorn et al., 2008) in R. The same alpha diversity analyses were also 
performed on a subset of the mycobiome containing only the core microbial taxa, 
defined as those fungal endophytes that appeared in at least 75% of the samples. 

3.2. Beta-diversity 

We considered two main types of beta-diversity to differentiate between beta-diversity 
between factors [β1: between different sites or between different host taxa] and within 
factors [β2: within individual sites or within individual host taxa] (Anderson, 2006). β1 
and β2 were calculated following permutational multivariate analyses of variance 
(PERMANOVA) and permutational multivariate analyses of dispersion (PERMDISP) 
procedures in Primer6, respectively. These diversity measures are sensitive to 
differences in sample size (Anderson, 2006). Since a portion of the samples collected 
for barcoding failed to amplify, a random number generator (https://www.random.org/) 
was used to balance the sample sizes within site and host by lowering the number of 
individuals available per species per site to the smallest sample size available per host 
per site (n = 5; cumulative n = 60) prior to beta-diversity analyses. 
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Responses of fungal endophyte assemblages to host identity, site and their interaction 
were investigated based on the two datasets (abundance and richness) using 
PERMANOVA. For the abundance-based dataset, the data was square-root 
transformed before performing 999 permutations on a Bray-Curtis dissimilarity matrix 
(Anderson, 2001). For the incident-based dataset, 999 permutations were performed on 
a Jaccard's dissimilarity matrix (Magurran, 2004). Where main effects were significant 
post hoc comparisons for significant effects were conducted using pair-wise testing 
procedures in Primer6. PERMDISP analyses were conducted on the incident data 
matrix using 999 permutations of a Jaccard's distance matrix (Anderson, 2001). The 
above-mentioned beta-diversity analyses were also performed on a subset of the data 
containing only the core assemblages. Where significant differences were detected in 
β1, Canonical Analysis of Principal Coordinates (CAP) procedures in Primer6 were 
used for visualisation. To adequately visualise the significant differences between 
hosts, an unconstrained ordination procedure (non-metric multi-dimensional scaling, 
nMDS) was used to visualise the grouping differences using Primer6. 

3.3. Effect of distance between sites on fungal endophyte assemblages within olives 

A Euclidean distance-based geographic distance matrix (Gauch, 1973) was computed 
from the GPS co-ordinates of the six sites using the Vegan package in R. Assemblage-
based distance matrices were computed from the OTU abundance and richness tables. 
For the abundance-based distance matrix, the assemblage matrix distance was based on 
a Bray-Curtis dissimilarity matrix (Bray and Curtis, 1957) constructed from square-root 
transformed data of the balanced dataset. The richness-based distance matrix was 
constructed from the presence/absence dataset to compute a Jaccard's dissimilarity 
matrix. These matrixes were constructed for 1) both hosts combined per site and for the 
2) two hosts separate per site. The geographic distance matrix was then compared to 
each assemblage-based dissimilarity matrix using Mantel tests (based on a Pearson's 
correlation coefficient) with 999 random permutations in R using the Vegan package. 
These analyses were repeated on a subset of the data containing only the core OTUs. 

3.4. Fungal endophyte co-occurrence networks 

Significant fungal co-occurrences were calculated using the package Hmisc (Harrell, 
2014) in R and visualised as networks using Cytoscape v3.7.2 (Cline et al., 2007). 
Significant co-occurrences (p < 0.05) were calculated based on Spearman's correlation 
coefficients (p > 0.5) (Spearman, 1904). Type II errors known to accumulate during 
multiple testing were corrected for using a Benjamini-Hochberg standard false 
discovery rate correction (Benjamini and Hochberg, 1995). Interactions were visualised 
using Cytoscape v. 3.7.2 (Cline et al., 2007). UNITE-based identifications were used 
to label nodes. OTUs that returned no BLAST hits based on the UNITE database were 
queried using the Basic Local Alignment Search Tool (BLAST) in GenBank within 
NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi). To identify fungi that could not be 
placed using the UNITE database, a 95% sequence similarity cut-off was applied to 
find the closest matches using BLAST. A collection of network description measures 
(such as node degree, total number of nodes, average path length, diameter, clustering 
coefficient, betweenness co-efficient and modularity) were calculated and reported 
(Freeman 1977; Newman, 2003; Assenov et al., 2008). 
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4. Results 

A total of 1 035 012 sequences were recovered from 102 samples. These sequences 
resolved to 448 unique OTUs belonging to two phyla, 61 families, and 98 genera. Of 
these, 104 were Ascomycota, 35 Basidiomycota, 25 unidentified taxa and 194 OTUs 
without any BLAST hits. Out of the 448 taxa, 265 were recovered from both hosts, 
while 119 were found exclusively within the African olive and 64 were restricted to the 
European olive. Thirty-six OTUs were found in all six sites. One hundred and fifty-
seven African olive OTUs, and 97 European olive OTUs had no BLAST hits. More 
OTUs could not be placed at genus level within the African olive (95) than in the 
European olive (69). The most common families within the two hosts included 
Corticiaceae, Elsinoaceae, Pleosporaceae, Sporocadaceae and Teratosphaeriaceae 
(Fig. 2). Although found within both hosts, members of the Caliciaceae were 
predominantly associated with the European olive. Members in the Diaporthaceae, 
Phaeosphaeriaceae, and Sporocadaceae were the most dominant within this host. The 
African olive was dominated by taxa in the Corticiaceae and Teratosphaeriaceae 
families. 

4.1. Fungal endophyte α-diversity 

The African olive harboured significantly higher fungal endophyte richness than the 
European olive (Table 1, Table 2, Fig. S1). The core fungal assemblages within the 
African olive were also richer than those in the European olive (Table 1, Table 2). Once 
data were rarefied, species richness was still significantly affected by host identity. 
Similarly, host identity also significantly affected the relative abundance of fungi within 
the twigs. However, host identity did not significantly influence species richness of the 
core taxa when rarefied richness or when relative abundance of the core taxa were 
considered (Table 2). Overall and core species richness were also significantly different 
among sampling localities (Table 2), but not all sites were significantly different from 
one another (Tables 1, 2 and S2). Rarefied species richness was not significantly 
affected by site (Table 2). Despite the significant role of site in core species richness, 
none of the pairwise comparisons were significant (Table S2). The interaction between 
host and site often significantly affected species richness (Table 2). Generally, sites that 
were closer to one another and had similar vegetation types tended to have more similar 
species richness (Table S1, S2 and S4). 
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Fig. 2. Relative abundance (100% stack plots) of fungal families found within olive twigs (Olea europaea subsp. cuspidata and Olea europaea subsp. 
europaea) from the six sites (unbalanced dataset) based on 589 518 reads, excluding taxa that could not be placed at family level. 

 

9



Table 1. Species richness estimators (Chao2 and Jackknife2) within olive twigs from both hosts 
(Olea europaea subsp. cuspidata and Olea europaea subsp. europaea) and from all six sites 
based on the full mycobiome (left) and the core mycobiome (right). Sample size, n = 102 (full 
and unbalanced dataset). 

Factors Whole Core 
Site Host Chao2 SD Jackknife2 Chao2 SD Jackknife2
All sites O. europaea 

subsp. cuspidata 
531.450 41.163 565.480 17.000 0.000 17.000 

O. europaea 
subsp. europaea 

471.430 67.500 445.250 10.000 0.000 10.000 

Clanwilliam Both 247.000 42.682 231.940 17.000 2.646 19.262 
O. europaea 
subsp. cuspidata 

230.750 86.291 160.130 19.500 17.139 13.867 

Olea europaea 
subsp. europaea 

436.170 238.930 144.290 9.000 1.323 8.967 

Paarl Both 360.020 50.066 342.370 27.125 6.080 30.056 
O. europaea 
subsp. cuspidata 

337.140 84.690 262.350 23.125 9.018 22.083 

Olea europaea 
subsp. europaea 

243.530 50.442 201.360 10.000 0.000 12.000 

Robertson Both 294.430 27.354 320.790 37.250 20.187 30.639 
O. europaea 
subsp. cuspidata 

236.070 21.580 256.070 17.800 2.070 19.000 

Olea europaea 
subsp. europaea 

152.060 46.385 115.230 10.250 3.396 11.300 

Somerset Both 239.180 28.026 260.840 22.125 3.658 24.611 
West O. europaea 

subsp. cuspidata 
213.000 34.500 207.340 17.125 6.078 18.333 

Olea europaea 
subsp. europaea 

164.180 41.730 131.130 10.600 2.162 11.000 

Stellenbosch Both 348.560 50.994 303.700 23.900 1.464 24.462
O. europaea 
subsp. cuspidata 

267.170 46.101 241.970 18.000 1.871 18.978 

Olea europaea 
subsp. europaea 

174.110 28.679 171.930 11.333 1.846 12.000 

Swellendam Both 465.850 118.910 325.350 28.100 9.727 21.500
O. europaea 
subsp. cuspidata 

257.880 42.138 269.320 28.100 9.727 21.500 

Olea europaea 
subsp. europaea 

230.570 79.314 134.270 10.000 3.742 10.167 

∗SD = Chao2 Standard Deviation. 
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Table 2. Generalised linear model results based on total and core fungal endophytes of Olea 
europaea. Linear model designs considered total abundance, richness and rarefied richness of 
endophytes and for those of the core fungal endophytes for comparisons of the effect of host 
(O. europaea subsp. cuspidata and O. europaea subsp. europaea) and location across six sites 
(n = 102). Linear models with all fixed effects were also considered for the whole and core 
fungal richness and abundance, and core and whole rarefied and relative abundance. Results 
are significant when p < 0.05 (denoted by ∗). Post hoc results for the significant main tests are 
presented in Table S2. 

 
Richness Richness (core) Abundance Abundance (core) 

Factor Chi-
sq 

Chi df p-
value 

Chi-
sq 

Chi 
df 

p-
value 

Chi-
sq 

Chi 
df 

p-
value 

Chi-
sq 

Chi 
df 

p-
value 

Site 20.554 10 <0.05∗ 45.929 10 <0.05∗ 29,407 10 <0.05∗ 27,548 10 <0.05∗
Host 301.32 6 <0.05∗ 58.735 6 <0.05∗ 16,607 6 <0.05∗ 23,945 6 <0.05∗
Interaction 153.68 5 <0.05∗ 27.332 5 <0.05∗ 10,495 5 <0.05∗ 23,565 5 <0.05∗  

Rarefied richness Rarefied richness (core) Relative abundance Relative abundance 
(core) 

Factor Chi-sq Chi df p-
value 

Chi-sq Chi 
df

p-
value

SS F-
value

p-
value 

SE F-
value

p-
value

Site 65.14 0.879 0.502 9.575 2.101 0.033*
Host 205.01 13.827 <0.05∗ 1.996 2.908 0.803 9.727 5.678 <0.05∗ 2.605 3.747 0.0817 
Interaction 5.066 0.342 0.885 2.124 0.606 0.695

Fungal abundance was significantly lower in the African olive than in the European 
olive irrespective of the measure used (Table 2 and S3, Fig. S1). Total fungal 
abundance was also significantly different between all sites (Tables 2 and S2). 
Although the abundance of core fungi was also significantly affected by site, some of 
the between-site comparisons were not significantly different (Table S3). The 
interaction between site and host identity had a significant effect on total abundance 
and core fungal abundance within olive twigs (Table 2 and S5). 

4.2. Beta-diversity 

Host played an important role to full and core fungal assemblage composition within 
olive twigs irrespective of whether fungal endophyte abundances or just the 
presence/absence of taxa were considered (Table 3, Fig. 3 and S2). The European olive 
samples clustered closer together than the African olive samples (Fig. 3 and S2). Full 
and core fungal assemblages were also significantly influenced by site, regardless of 
whether OTU abundances or presence/absence were considered (Table 3, Fig. 3 and 
S2). Accordingly, hosts from most sites harboured fungal assemblages different from 
each other, except when sites were close to each other and had similar vegetation types 
such as the Breede Shale Renosterveld vegetation in Robertson and Swellendam 
(Tables S1 and S6, Fig. 3). 
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Fig. 3. Canonical analysis of principal coordinates (CAP) and non-metric multidimensional scaling (nMDS) plots based on abundance data (Bray-Curtis 
resemblance), for fungal endophyte assemblages sequenced from Olea europaea subsp. cuspidata and O. europaea subsp. europaea from six different 
sites (Fig. 1). Plots reflect the grouping of all endophytes (top) and only that of the core (bottom) within olive twigs based on host (nMDS, left) and site 
(CAP, right). Plots were constructed based on the reduced and balanced sample size, n = 60. 
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Table 3. Influence of host and site on fungal endophyte community assemblage composition 
(β1). Global PERMANOVA results on the overall influence of site and host and their 
interaction (n = 60) on fungal assemblages. Results with asterisk (∗) indicate comparisons 
significant at p < 0.05. 

  Jaccard distance (incident) Bray-Curtis distance 
(abundance) 

Source df SS Pseudo-
F 

p 
(perm) 

SS Pseudo-
F 

p 
(perm) 

Whole 
assemblages 

site 5 34,915 1.948 0.001∗ 38,009 2.445 0.001∗ 
host 1 19,256 5.372 0.001∗ 29,662 9.541 0.001∗ 
interaction 5 28,186 1.573 0.001∗ 27,906 1.795 0.001∗ 

Core 
assemblages 

host 1 63,193 29.141 0.001∗ 58,105 23.489 0.001∗ 
site 5 28,932 2.668 0.001∗ 2.90 E+04 2.348 0.001∗ 
interaction 5 26,594 2.453 0.001∗ 2.75 E+04 2.227 0.001∗ 

 

Host identity did not influence the β2 diversity (endophyte species turnover) of the full 
fungal assemblages (Table 4). However, host identity was important to core fungal 
assemblage species turnover, with that of the introduced host higher than the native host 
(Table S4). β2 diversity of the full endophyte assemblages differed between sites 
(Table 4). Specifically, β2 diversity from samples collected in Swellendam were 
significantly lower than those within olive twigs collected from Clanwilliam, Paal, 
Somerset West and Stellenbosch (Table S7). This effect disappeared when only core 
endophyte assemblages were assessed. The interaction between site and host had a 
significant effect on β2 diversity of core fungal assemblages (Table 4, Fig. S3). 
Pairwise comparisons revealed that this significance was attributed to Swellendam, 
which had the lowest β2 diversity in both hosts, with the native host from this site 
having the lowest β2 diversity of all sites (Table S7). 

Table 4. Homogeneity of within-group multivariate dispersions (β2) of whole endophyte 
assemblages, or of only core assemblages from O. europaea subsp. cuspidata and O. europaea 
subsp. europaea collected at six sites in South Africa. Results are significant at p < 0.05 (∗); 
their post hoc results are presented in Appendix A: Table S6. 

Source df F p-value
Whole microbial assemblage site 5 2.620 0.033∗ 

host 1 1.624 0.211 
interaction 11 2.583 0.070 

Core microbial assemblage site 5 1.653 0.151 
host 1 5.247 0.050∗ 
interaction 11 5.319 0.007∗ 

4.3. Effect of geographic distance between sites on endophyte community 
assemblage composition 

Geographic distance between sites played a significant role in differentiating the full 
and the core fungal assemblages within olive twigs, except in core fungal endophyte 
assemblages of the European olive based on Bray-Curtis (Fig. 4 and S4). This pattern 
persisted when samples were pooled within sites regardless of host and when hosts were 
considered separately. The more distant sites, Clanwilliam and Swellendam, 
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Fig. 4. Correlations between geographic distance (matrix based on Euclidean distances) and fungal endophyte assemblage compositional differences 
measured using Bray-Curtis dissimilarity matrices (based on abundance data). Plots A, B and C are based on full fungal assemblages, while D, E and 
F only consider core fungal assemblages. Correlations are meaningful at r > 0.5 and significant when p < 0.05. 
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consistently harboured different assemblages compared to those that were more 
proximal to each other. 

4.4. Endophytic fungal co-occurrences 

Co-occurrence networks of fungal endophytes from the two hosts were strikingly 
different from one another. European olive twigs had fewer significant fungal co-
occurrences compared to the African olive (Table 5, Fig. 5, Fig. 6). Co-occurrences 
between fungal taxa within the cultivated host were largely disconnected, indicating 
that most of the taxa encountered here likely had no biologically meaningful 
relationships with each other (Fig. 6, Table 5). Only 37 of the 189 OTUs in the 
European olives were present in the network suggesting that many of the taxa 
encountered within this host were likely chance encounters rather than preferential 
associations. Economically important fungi often formed significant co-occurrences 
with other taxa in respective hosts, e.g., Cladosporium species, Phoma species and 
Alternaria species. The African olive network had a higher degree of connectivity with 
41 nodes having node degrees higher than the average node degree (ad = 4.44, Table 5). 
In contrast, the European olive had 23 nodes with a node degree higher than the average 
node degree and an average node degree lower than that of the native olive (ad = 1.94, 
Table 5). The African olive network showed a higher degree of connectivity compared 
to the European olive, which had a largely disconnected network with the number of 
edges almost the same as the number of nodes. 

Table 5. Summary network statistics for both networks (Fig. 5, Fig. 6) based on the full fungal 
composition within the olive twigs from the balanced sample design, n = 60 (30 per host). 
Cultivated olive = Olea europaea subsp. Europaea, native olive = Olea europaea subsp. 
Cuspidata. 

Native olive Cultivated olive
No. of nodes (v) 100 37 
No. of edges (e) 222 36 
Average node degree (ad) 4.440 1.940 
clustering coefficient (cc) 0.3513 0.638 
graph density (gd) 0.045 0.054 
modularity (md) 0.534 0.874 
network diameter (nd) 11 4 
short path length (spl) 3.917 1.436 
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Fig. 5. An ecological co-occurrence network of fungal endophytes in Olea europaea subsp. cuspidata twigs. The colour gradient of nodes is indicative 
of node degree, where the darker the node the more connections it has. The thickness of the node outline indicates node betweenness centrality, the 
thicker the line the more important it is as a mediator that holds together node clusters on either side of it. The darker nodes with thick outlines have a 
higher probability of being hub taxa. Labels in rounded brackets come from GenBank (NCBI), those without are from the UNITE database and those 
with square brackets are taxa with no hits in either database. 

16



 

Fig. 6. An ecological co-occurrence network of fungal endophyte in Olea europaea subsp. europaea. The colour gradient of nodes is indicative of node 
degree, where the darker the node the more connections it makes and, conversely, the lighter it is the fewer the connections it has. The thickness of the 
node outline indicates node betweenness centrality (strategically placed nodes that hold together different parts of the network), the thicker the line the 
more important it is as a mediator that holds together node clusters on either side of it. Darker nodes with thick outlines are more likely to be hub taxa. 
Labels in rounded brackets originate from GenBank (NCBI), those without brackets are from the UNITE database while those with square brackets had 
no hits in either database. 
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5. Discussion 

We present results of the first study using next generation sequencing to investigate 
fungal endophyte assemblages within two Olea europaea subspecies in South Africa. 
We show that these two host taxa share numerous fungal endophytes, which is to be 
expected when two closely related hosts also grow in close proximity. Many of the taxa 
encountered may be latent pathogens, that may have expanded their host ranges to 
include the newly encountered hosts. As expected, fungal endophyte alpha-diversity 
was higher within the native African olive than in the cultivated European olive, and 
their respective endophyte assemblage composition differed. In addition, fungal 
assemblages within the native host were much more interconnected compared to those 
of the cultivated olive, consistent with our hypothesis of lower endophyte richness in 
introduced hosts compared to native hosts. Sampling location played a significant role 
in the association between endophytes and the olive hosts, supporting our hypotheses 
that host environment plays a large role in the uptake or differentiation of fungal 
endophyte assemblages. 

More endophyte taxa were shared between the native and non-native congeneric olive 
subspecies than were unique to each. This is not surprising considering studies on other 
hosts elsewhere that indicates that many fungal endophytes can easily colonise different 
hosts (Rodriguez et al., 2009; Bufford et al., 2016; Castañeda et al., 2018), but closely 
related native and introduced hosts generally tend to be more likely to exchange their 
fungi (Coleman-Derr et al., 2016; Crous et al., 2017). In the current study the two 
O. europaea subspecies were sampled where they co-occurred, thus increasing 
opportunity of fungal endophyte exchange. Despite these shared taxa, the European 
olive had significantly lower endophyte richness, and significantly different assemblage 
composition to the African host. The European olive also harboured fewer exclusive 
OTUs than the African olive. This was expected since some fungal associates may not 
have been co-introduced into the new range by chance or due to phytosanitary measures 
(e.g. fertiliser and pesticide application) and inconsistencies between the native and the 
introduced environments (Zhou et al., 2014; Hayward et al., 2015; Castañeda et al., 
2018; Fernández-González et al., 2020b). The similarities in the core assemblages of 
the European olive from different sites may indicate that these endophytic taxa have 
been co-introduced with their hosts. Additionally, the high incident of shared taxa 
between the hosts suggests that the introduced host may have accrued much of its fungal 
endophyte diversity from the surrounding environments (Colautti et al., 2004; Martín-
García et al., 2012). 

Co-occurrence networks revealed a dense and highly connected network of endophytes 
within the African olive, while fungal endophytes within the European olive were very 
disconnected. This suggests that although the European olive takes up fungal 
endophytes from its surroundings, these acquisitions are infrequent and inconsistent 
from one individual to the next. In contrast, the highly connected co-occurrence 
network of the fungal endophytes of the African olive suggests that many of the taxa 
likely co-occur deliberately, thus may be important to the persistence of both the fungi 
and the host. Complex and highly connected networks have been associated with the 
resilience of microbial assemblages to changes in their environment (Rybakova et al., 
2017; Santolini and Barabási, 2018; Fernández-González et al., 2020a). In this regard, 
the assemblages associated with the African olive may be more adapted to changes in 
their environment (both within the host and in the surrounding environment) than the 
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cultivated olive. Characterising the relationship between fungal endophytes, their hosts 
and the environment will greatly improve our understanding of the consequences of 
changes in ecosystems structures in the anthropogenic era and may prove useful for the 
commercial production of olives. 

Most of the taxa encountered in the European olive network also appeared in the 
network of the native host. However, the consequences of their occurrence within the 
cultivated olive may be of concern. For example, a single Verticillium species was 
amongst the species that appeared in the disconnected network of the cultivated olive. 
Although this taxon was presented in the network of the native host, species in this 
genus (especially Verticillium dahlia) are known pathogens of the cultivated olive in 
other olive cultivating regions such as Spain, Italy and California (Chliyeh et al., 2014). 
While the consequences of the presence of this fungus are well known in the cultivated 
olive, the nature of its relationship with the native African olive is unclear but may 
remain neutral. Indeed, a notorious pathogen (Hymenoscyphus fraxineus) of Fraxinus 
excelsior is also found in other Fraxinus species where it is either a weak pathogen or 
a harmless endophyte (Kosawang et al., 2018, 2019). Additionally, the recruitment of 
some taxa may result from coinfections aided by the actions of other species (such as 
pathogens) in the interaction. To this effect, the presence of pathogens has been linked 
to a significant change in fungal endophyte assemblages in plants, including 
O. europaea (Gomes et al., 2019; Varanda et al., 2019). 

Geographic location played a significant role in shaping endophytic fungal assemblages 
within twigs from both olive hosts. These patterns were like those found in fungal 
assemblages in olives in Portugal (Martins et al., 2016), olives in Brazil (de Oliveira 
et al., 2022), Quercus ilex in Spain (Collado et al., 1999), and in native and non-native 
Phragmites species from Michigan (Bickford et al., 2018), amongst others. The role of 
locality becomes more evident when considering sites located closest to each other, 
such as Somerset West and Stellenbosch, and Robertson and Swellendam. These sites 
harboured more similar assemblages within both hosts than sites further apart, a pattern 
mirrored in other studies in other systems (Slabbert et al., 2010; Martins et al., 2016). 
There is therefore an overwhelming effect of surrounding environment on the 
endophyte assemblages within olive hosts. Factors that may influence this are numerous 
and include differences in surrounding plant communities (Ngubane, 2022) and 
pollution levels (Lumibao et al., 2018). In the present study, similarities in the 
surrounding vegetation types at sites near each other (e.g. Swartland Shale and Granite 
Renosterveld in Stellenbosch and Paarl) are likely responsible for the similarities in 
fungal assemblages. Similar vegetation types not only experience similar climatic 
conditions, but also have similar plant communities from which many of the fungal 
endophyte taxa are sourced (Saikkonen et al., 2000; Helander et al., 2007; Christian 
et al., 2016). 

Different plant species often share endophytic fungal taxa as exemplified by the known 
occurrence of some of the fungal taxa encountered in the present study on other hosts 
in South Africa (e.g. Crous et al., 2009; van Niekerk et al., 2004) and in olives 
elsewhere (e.g. Úrbez-Torres et al., 2013). For example, Neofusicoccum australe 
identified from both olive hosts here has also previously been recorded in grapevines, 
olive orchards and olive nurseries in South Africa (de Wet et al., 2008; Spies et al., 
2020; van Dyk et al., 2021b) and in olives in Uruguay (Hernández-Rodríguez et al., 
2022). Dothiorella iberica was identified from both olive hosts in the present study and 
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has been implicated as a causal agent of olive diseases in California (Úrbez-Torres 
et al., 2013). Teratospharia stellenboschiana recorded within the cultivated olive is 
known from leaves of Eucalyptus species in Stellenbosch and Pretoria (Crous et al., 
2009). Although typically species level identification using metabarcoding ITS 
sequences is not recommended, the appearance of fungal taxa already identified in the 
area and/or in the same host stratifies the identity of the fungal endophytes identified in 
the present study. Nevertheless, the commonalities between fungal endophytes in our 
olives and fungal endophytes in olives elsewhere and other hosts in South Africa, some 
of which are associated with disease symptoms, raise plant health concerns that warrant 
further investigations. 

Some endophytic fungi present conflicting lifestyles upon exiting the endophytic phase 
such that they can either become beneficial or harmful. Endophytic fungi that can 
become beneficial to their host often reside in genera such as Epicoccum, Cladosporium 
and Penicillium (Khan et al., 2016; Dzoyem et al., 2017; Gomes et al., 2019). A single 
Epicoccum species (Epicoccum nigrum) was identified from both hosts. Epicoccum 
nigrum has been encountered from members of the Restionaceae in South Africa (Lee 
et al., 2004) and in many hosts globally, including Fraxinus species (Kosawang et al., 
2018) and olives (Gomes et al., 2019). A harmless (with potential to become beneficial) 
nature of the European olive – E. nigrum association was hinted at by the consistent 
discovery of E. nigrum in asymptomatic olive twigs and its absence from symptomatic 
twigs (Gomes et al., 2019). However, Epicoccum nigrum has also been associated with 
olive fruit rot in Iran (Torbati et al., 2014). This may suggest that this fungus is capable 
of a wide range of lifestyles depending on the prevailing conditions and the identity of 
other microbes in the microhabitat. Five Cladosporium taxa (including two undescribed 
taxa), found within the native olive, also formed significant co-occurrences within the 
cultivated olive twigs. Although beneficial to other hosts, Cladosporium species such 
as Cladosporium herbarum and an undescribed Cladosporium species have also been 
implicated as causal agents of olive fruit rots and olive leaf mould in other countries 
including Australia and Iran (Arnold et al., 2003; Faiza et al., 2011). The seemingly 
conflicting effects of these endophytic fungi to their associated hosts highlight the need 
to improve our understanding of endophytic fungi-host associations and the factors 
triggering lifestyle switches. 

This study contributes to the growing knowledge of fungi associated with agricultural 
crops cultivated in the Core Cape Subregion of South Africa. Studying fungal 
endophyte assemblages within crops and native hosts can shed light on fungal 
movement and host expansion. Knowledge on fungal endophytes present in crop plants 
is especially critical for those that are known to shift to become pathogens that affect 
crop productivity. In addition, as microbiome manipulation to improve productivity is 
gaining attention, it is important to understand fungal assemblages within agricultural 
crops and their closest native relatives. Due to the conservative nature of the ITS region 
used in metabarcoding studies, further barcoding and confirmation activities are 
required, especially for the taxa we identified that are also of biotechnological interests. 
The prevalence of undescribed taxa indicates a trove of potentially important taxa that 
remains to be discovered and described in a biodiversity hotspot. 
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