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The spillover of fungal pathogens from local plant species to novel non-native 

species in a California coastal grassland by Zackery Richard Carmean Shearin 

Abstract: 

The rare species advantage postulates that dominant plant species experience 

greater disease pressure, as their abundance can support the spread of specialized 

pathogens. Yet most pathogens are not host specific – pathogen host ranges frequently 

encompass multiple closely related plant species, resulting in increased sharing of 

pathogens between closely phylogenetically related community members. We 

examined the role host phylogenetic rarity plays in pathogen spread in a diverse plant 

community by inserting novel hosts (non-native plant species newly introduced into a 

novel habitat) into a coastal grassland and identifying the patterns of pathogen spillover 

from resident plant species onto the novel hosts. We identified fungi present in leaf 

tissues of novel hosts via metagenomic sequencing of the fungal internal transcribed 

spacer (ITS) region to generate operational taxonomic units (OTUs). We found that 

161/342 (47.1%) OTUs identified were singletons. Excluding singletons, the median 

number of novel plant species colonized by a given OTU was 4, and the mean was 

11.5, while 19/181 (10.5%) of non-singleton OTUs were found on 14 (50%) or more 

novel hosts. The proportion of broad generalist and rare fungal taxa on novel hosts were 

similar to several other systems, including other grasslands, temperate and boreal 

forests, tropical rainforests, wetlands, and deserts. We did not find a relationship 

between phylogenetic relatedness of a novel host to the surrounding vegetation and the 

fungal species richness on that host. Weighting phylogenetic distance by local plant 
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species abundance did not strengthen the relationship between phylogenetic distance 

and fungal richness on novel hosts. 
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Introduction:  

Two interrelated phenomena help describe the spread of a pathogen within a 

plant community – pathogen host ranges and plant community structure, including both 

numerical and phylogenetic components (Gilbert et al., 2012; Parker et al., 2015; 

Termorshuizen, 2016).  Traditional approaches to understanding pathogen spread in 

plant communities frame the interaction in terms of host abundance – increased host 

density increases the probability of disease spread, resulting in higher disease 

prevalence on dominant host species (Bagchi et al., 2010; Bell et al., 2006). The role 

of host abundance on disease spread through complex plant communities is perhaps 

best understood in relation to the rare species advantage, which postulates that 

dominant plant species experience greater disease pressure because their abundance 

can support the spread of specialized pathogens. This provides an opportunity for rarer, 

less susceptible species to proliferate due to decreased competition with the dominant 

plant species (Connell et al., 1984; Metz et al., 2010). As a result, the plant community 

maintains a higher level of diversity, which in turn reduces the probability of disease 

spread overall by interspersing the hosts susceptible to any given pathogen among non-

susceptible hosts, a phenomenon known as the dilution effect (Johnson et al., 2013). 

However, the quantity of disease that develops may not be a simple function of 

the density of a focal host, because pathogens are often able to infect and spread across
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multiple host species (Barrett et al., 2009). If a pathogen has evolved the ability to infect 

a host, it is more likely to be capable of also infecting a closely related host than it is a 

more distantly related one – a concept known as phylogenetic signal in host range 

(Gilbert & Webb, 2007, Parker et al., 2015).  As a result, there is always a degree of 

pathogen spillover between closely related hosts. Phylogenetic signal in host range 

suggests that the dilution effect – that is, the protective effect of biodiversity – is 

influenced by the phylogenetic diversity of the plant community. A community with 

many closely related species would be unlikely to benefit from the dilution effect. It 

also suggests that the host range of pathogens has a strong influence on whether 

community diversity will mediate the impact of disease. Despite these broad-reaching 

implications, however, few studies have looked at the interaction between pathogen 

host range and the phylogenetic structure of the plant community (Gilbert & Parker, 

2010; Parker et al., 2015). 

The ever-increasing movement of plant material by humans and geographic 

range expansion caused by climate change create many opportunities for evolutionarily 

novel encounters between plant hosts and pathogens (Anderson et al., 2004; Knops et 

al., 1999; Thomson et al., 2010). Elucidating the underlying patterns of pathogen host 

range can inform our understanding of key processes in invasion ecology. Two major 

hypotheses that describe the interaction between plant invaders and pathogens are the 

Enemy Release Hypothesis and the Biotic Resistance Hypothesis (Termorshuizen, 

2016). The Enemy Release Hypothesis postulates that when invaders leave their native 

range, they also leave behind the coevolved pathogens that ordinarily would have 
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regulated their spread and abundance (Blumenthal, 2006; Liu & Stiling, 2006; Mitchell 

& Power, 2003). Enemy release is likely to be most important in systems where the 

dominant pathogens in the native range are highly specialized (Parker & Gilbert, 2007).   

 In contrast, the Biotic Resistance hypothesis states that pathogens that spill over 

onto introduced host species have the potential to regulate invasions (Byun & Lee, 

2017; Flory & Clay, 2013; Knevel et al., 2004). Introduced plant species may be 

infected by pathogens through spillover from plants in the surrounding resident 

community. Pathogens that colonize introduced species are expected to either be broad 

generalists that infect a wof host plants, or given the documented phylogenetic signal 

in host ranges, to be more specialized pathogens that have evolved traits needed to 

infect closely related neighbors (Barrett et al., 2009; Barrett & Heil, 2012; Philibert et 

al., 2011). Introduced species that are phylogenetically distant from the local 

community would be expected to only be colonized by highly generalist pathogens; 

novel species with abundant close relatives in the local community should have a 

greater probability of also being colonized by more selective polyphagous pathogens 

(Bufford et al., 2016). Testing these expectations requires describing the structure of 

host specificity among pathogens that colonize novel hosts and assessing whether the 

richness of the fungal assemblage on novel hosts is a function of the abundance of close 

relatives in the local community. 

Given the effects of phylogenetic distance between novel species and local 

neighbors on pathogen spillover, there are several specific expectations. First, 

phylogenetically isolated novel hosts are expected to have lower taxon richness of 
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fungal colonists than novel hosts with abundant close relatives as neighbors. Second, 

novel hosts are expected to be colonized by a mixture of more specialized and more 

generalist fungi; fungi with broad host ranges are likely to be found on a random set of 

novel hosts, whereas fungi with narrow host ranges would be more likely associated 

with novel hosts that have abundant closely related neighbors in the surrounding 

community. Together, these patterns suggest that there should be a relationship 

between the richness of fungi found on a novel host and the phylogenetic distance to 

local species. Accounting for additional effects of the local abundance of each host 

species on spillover (i.e., density dependence) should strengthen the relationship 

between fungal r and phylogenetic distance to the local community.   

 We explored the interacting roles of pathogen host range and phylogenetic 

rarity by measuring which pathogens of resident species colonize novel hosts 

introduced into a Pacific coastal grassland. Specifically, we asked: 

● What is the relative frequency of generalist pathogens and more host-selective 

pathogens in the community of fungi colonizing novel hosts? 

● Can we predict spillover of fungal species onto focal hosts based on 

composition of plant species in the surrounding community? 

○ Does phylogenetic rarity predict fungal species richness? 

○ How does the local abundance of closely related neighbors contribute 

to fungal species richness? 
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Methods: 

Study site description. Our study area consisted of ten 20-m diameter circular sites 

(314 m2) located in the Great Meadow on the University of California Santa Cruz 

(UCSC) campus on the central coast of California, USA (36° 59’ 18.09” N, 122° 3’ 

31.29” W). This 30-ha grassland experiences a Mediterranean climate, with dry 

summers and winter rains. Previous work by the Parker-Gilbert research group 

identified 43 vascular plant species in these sites with a lognormal distribution of 

relative abundance. Introduced Eurasian annual grasses dominate the sites, with species 

such as Bromus diandrus and Avena barbata found in high abundance throughout. Plots 

sampled within the meadow are the same used by Parker et al. (2015), save four (plots 

1, 4, 6, and 10), which were either disturbed or experienced woody plant encroachment. 

Plots were randomly placed based on GPS location and ranged from 44-260m apart at 

their centers (Table 1). 

Introduction of novel hosts. Within each of the plots we placed randomized arrays 

consisting of 28 plant species that, to our knowledge, have never been found in the state 

of California, either in the wild or grown as horticultural species (Table 2). We selected 

herbaceous species based on their phylogenetic relationships to locally important 

clades (Poaceae, Asteraceae, Fabaceae) to obtain a wide range of phylogenetic rarity 

relative to the local species (Figures 1 and 2). 14 different plant families were 

represented in the final selection. We ordered seeds from a range of geographically 

diverse native plant nurseries to avoid horticultural species or plants bred for disease 

resistance. 
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 Seeds were sown in the UCSC greenhouses and transplanted into 3.8 cm X 14 

cm Cone-tainers™ (Stuwe & Sons, Inc., Corvallis, OR) after germination and placed 

into RL98 Cone-tainer™ trays (Figure 3). The randomized arrays were placed in the 

field, in triplicate, with spaces on all four sides of each Cone-tainer™ to minimize light 

competition and to expose all novel hosts more uniformly to the same biotic and abiotic 

conditions. These arrays were bottom watered with cotton string wicks and tubs of 

water and placed in a line from the center of the plots to the Northwest. They were 

surrounded by a cage of thin deer netting to discourage large mammal herbivory. 

Before placing plants into the meadow, all leaves and cotyledons with any sign of 

necrosis were removed. Control samples of each novel host were taken from plants that 

were not placed in the field at this stage. The novel hosts were left in the field for 51 

days, 28 days longer than the previous experiment, facilitated by favorable weather 

conditions (Parker et al., 2015). Novel host species were not permitted to flower or 

produce seed to eliminate any biosafety risk created by this project. 

Harvesting and Sample Preparation. Novel host arrays were removed from the field 

on 28 April 2018. Ten samples from the leaves of each plant were collected using a 

standard 6-mm diameter hole punch; for plants with narrow leaves, an approximately 

similar surface area was excised using scissors. If a plant presented too little leaf tissue 

to obtain ten samples, additional samples were taken from the other two plants of the 

same plant species from the same site, so that the total number of samples per species 

per site was 30. Samples were pooled by species within a site and surface sterilized to 

eliminate epifoliar fungi by submerging them in 70% ethanol for one minute, then 0.5% 
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sodium hypochlorite for one minute, and finally rinsed in sterile deionized water. 

Samples were stored in 1-mL microcentrifuge tubes at -80 C until lyophilization and 

DNA extraction were performed. 

Local species abundance. We quantified the relative abundance of all extant vascular 

plant species in each of the plots. For each plot, we quantified percent cover of eight, 

50 cm X 100 cm rectangular quadrats, four each from randomly selected points on a 

North-South and East-West transect. We used a visual estimation of cover by dividing 

each quadrat into five 20 cm X 50 cm subsections and two observers independently 

quantified percent cover for each subsection. The two independent observations were 

averaged to obtain the quadrat percent cover. This method was verified by Parker et al. 

(2015) and found to have high repeatability. Rare species were quantified by estimating 

the area of coverage at the plot scale (314 m2). Rare species were defined as having 

been found in three or fewer quadrats within a given plot.  

DNA extraction and library preparation. The surface-sterilized samples stored 

frozen in microcentrifuge tubes were lyophilized in 600 mL lyophilization flasks 

containing approximately 60 microcentrifuge tubes each at 200 mbar for 48 hours and 

stored at room temperature. 

Prior to DNA extraction, leaf material from samples with >20 mg of lyophilized 

biomass were partitioned into two subsamples. Subsamples were separately weighed 

and independently processed for DNA extraction. Extractions were performed using 

Quick-DNA Fungal/Bacterial Miniprep Kits (Zymo Research, Tustin, CA; Cat. No. 
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D6005) following manufacturer’s protocol (including addition of 0.5% (v/v) beta-

mercaptoethanol to the Genomic Lysis Buffer) with one modification: input leaf tissue 

was soaked overnight at room temperature in the ZR BashingBead Lysis Tube with 

750 µl of BashingBead Buffer prior to bead-beating. Bead-beating was performed for 

10 minutes with a BioSpec Mini-Beadbeater-16. Samples were visually inspected for 

homogeneity and bead-beat for an additional 5 minutes if intact leaf tissue remained.  

 Libraries of fungal internal transcribed spacer (ITS) rRNA gene amplicons were 

prepared using a two-step PCR process. Fungal ITS amplification (PCR1) was 

performed using forward primer ITS-1F_KYO2 (5’-

TAGAGGAAGTAAAAGTCGTAA-3’, Toju et al. 2012) and reverse primer ITS-4 

(5’-TCCTCCGCTTATTGATATGC-3’, White et al. 1990), which was modified to 

include a 5’ 13-bp stub sequence (5'-GCTCTTCCGATCT-3'). The stub sequence was 

added to provide a priming site for PCR2. PCR2 primers added 8-bp dual-matched 

molecular identification tags (MID tags) to both ends of each amplicon. MID tags were 

unique for each of the samples per library, which included several negative (blank) and 

positive controls. Positive controls were created using a mock community of non-

biological synthetic ITS sequences as described by Palmer et al. (2018).  

25 µl PCR reactions were carried out in 96-well plates. The two DNA extracts 

for each plant species were pooled prior to PCR1. PCR1 consisted of 11 µl template 

DNA, 0.75 µl of each primer (10 µM), and 12.5 µl of KAPA HiFi HotStart ReadyMix 

(2X) (Kapa Biosystems, Wilmington, MA). PCR1 conditions were: 95°C for 3 min, 29 

cycles of 98°C for 30 s, 60°C for 15 s, 72°C for 50 s, and a final 1 min at 72°C.  
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 PCR1 products were visualized and DNA-quantified by gel electrophoresis. 5 

µl of each PCR1 product was run on a 1% agarose-TBE gel at 120V for 45 minutes. 

Gels were imaged using an iBright CL750 Imaging System (Invitrogen, Carslbad, CA). 

Images were processed for DNA quantification using iBright Analysis Software 

(Thermo Fisher Scientific, Waltham, MA). A standard curve was constructed using a 

DNA dilution series to relate lane brightness to known DNA concentration, measured 

using Qubit 1X dsDNA HS Assay (Invitrogen, Carslbad, CA). Gel image brightness 

values for each PCR1 product were then used to calculate DNA concentration. Using 

these concentration values, PCR1 products were diluted to 0.4 ng/µl in nuclease-free 

water. 

 PCR2 reactions consisted of 10.5 µl diluted PCR1 product, 2 µl of combined 

forward and reverse indexing primers (each at 5 µM), and 12.5 µl of KAPA HiFi 

HotStart ReadyMix (2X) (Kapa Biosystems, Wilmington, MA). PCR2 conditions 

were: 95°C for 3 min, 8 cycles of 98°C for 30 s, 56°C for 15 s, 72°C for 50 s, and a 

final 1 min at 72°C.  

PCR2 products were visualized and DNA-quantified as described above. 

Samples that failed to produce visible bands after both rounds of PCR were re-

amplified following the same 2-step PCR protocol, except with 35 cycles for PCR1 

instead of 29. Successfully amplified PCR2 products were pooled to construct a library, 

and cleaned with magnetic KAPA Pure Beads (Kapa Biosystems, Wilmington, MA) 

using a 0.6X beads-to-sample ratio. Each library was loaded onto one PacBio Sequel 

II SMRT Cell by diffusion loading and sequenced with a movie length of 15 hours in 
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circular consensus sequencing (CCS) mode. Creation of SMRTbell sequencing 

libraries and PacBio sequencing was performed by Brigham Young University’s DNA 

Sequencing Center. 

Analyses: 

Statistics were done using R 4.1.0 (R Core Team, 2021). For all measures, 

“global” refers to a calculated value based on all samples in the study regardless of site 

or species. 

Bioinformatics. Circular consensus sequences (CCS) were generated and 

demultiplexed using PacBio’s SMRT Link v8.0 software. The “DADA2” package was 

used in R to denoise CCS reads and to assign taxonomy using the UNITE database 

general FASTA release for all eukaryotes (Callahan et al. 2016, Abarenkov et al. 2020). 

Reads were clustered into operational taxonomic units (OTUs) using the “tip_glom” 

function from the “phyloseq” package in R. 

Phylogenetic tree generation. A dated phylogenetic tree of the 44 local plant species 

as well as the 28 novel hosts was generated using the “V.PhyloMaker” 

(https://github.com/jinyizju/V.PhyloMaker) package in R according to APG4 

taxonomy (The Angiosperm Phylogeny Group et al., 2016; Figure 1). The Rumex clade, 

containing three species, was manually adjusted as it was not fully resolved (Grant et 

al., 2020). Species names were updated using the “Plantminer” function from “Taxize” 

to match the most current names given in The Plant List vs 1.1 

(http://www.theplantlist.org/). 
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Quantifying biodiversity and phylogenetic distance measures. Species richness (S), 

Shannon diversity index (H), and Pielou’s evenness index (J) were calculated for the 

local species in each plot as well as for the entire field site using the package “vegan” 

in R (Table 1). The pairwise phylogenetic distance (time of independent evolution in 

millions of years - Myr) between any two plant species was calculated using the 

“cophenetic” function from “picante”, and the distribution of phylogenetic distances 

between novel hosts and the local plant community was visualized (Figure 2). Nearest 

taxon distance (NTD) is defined as the pairwise distance to the nearest taxon neighbor 

within the local plant community for each novel host. The 10th quantile phylogenetic 

distance (PD10) is the pairwise distance of the local plant species that sits at the 10th 

quantile if the local plant species are sorted by pairwise distance to the focal species 

(Parker et al., 2015; Gilbert and Parker, In Review). One can consider PD10 as 

representing the influence of multiple close relatives. The mean pairwise distance 

(meanPD) was calculated as a simple mean of all the pairwise distances of the local 

community to the focal host. 

Rarefaction. As the fungal communities have not previously been studied in these host 

plants or at our site, we created sample-based rarefaction curves to evaluate how well 

the design adequately captures the variety of fungi present in the hosts, and to estimate 

the total richness of the community.  

Species accumulation curves of observed fungal taxa were generated for each 

of the 28 host species, drawing randomly from the sites they were sampled from and 

repeating for 100 permutations. A separate rarefaction curve was generated by 
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randomly selecting one host species from each of the 10 random sites in random order 

(1000 permutations to calculate median and 95% CI) to represent the null model, which 

assumes that each of the novel host species to be equivalent fungal hosts.  

Fungal abundance and host range. The distribution of fungal richness per host was 

explored as the number of OTUs associated with each host combined across all ten 

sites. Singletons, fungi found on only a single sample, were visualized separately from 

non-singletons. 

Phylogenetic distance weighted by local species abundance. The weighted PD10 

was calculated by sorting all the neighboring vegetation species by phylogenetic 

distance from the focal novel host, and then calculating the cumulative relative 

abundances from the closest to most distant relatives using the function 

“weighted.mean” in R.  The phylogenetic distance that corresponded to the 10th 

quantile in cumulative relative abundance is the weighted PD10 value. The mean 

weighted mean PD was calculated as the arithmetic mean of the phylogenetic distances 

from novel hosts to each of the neighboring plant species, weighted by the relative 

abundance of the neighboring plant species. 

Results: 

Fungal community analysis. Of 280 novel hosts placed in plots, 240 survived the field 

experiment and generated viable sequence data. The lowest survival rate was 40%, 

whereas 11 had a 100% survival rate (Table 2). Most mortality was apparently due to 

insufficient watering or herbivory. The phylogenetic distance between novel hosts and 
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species in the local community varied widely (Figure 2), with the NTD ranging from 

0.54 to 222.85 Myr (mean = 89.55 ± 60.54, global = 62.47), PD10 ranging from 39.06 

to 263.37 Myr (mean = 134.62 ± 73.16, global = 126.61), and meanPD ranging from 

212.19 to 263.56 Myr (mean = 229.21 ± 13.01, global = 231.67). 

Our sampling appears to have captured the majority of fungal taxa for some 

novel hosts, but for other hosts, the species accumulation curves have not yet saturated 

(Figure 4). One novel host curve was significantly above the null curve – 

Pseudognaphalium obtusifolium. Chao estimators for the number of fungal OTUs 

expected on individual host species ranged from 16.2 to 317.8 (mean = 111.1 ± 69.1), 

with a global estimate of 576.4 across all 28 host species (Table 2). Based on the Chao 

estimators, we captured 59.3% of the “true” richness of the fungal community on novel 

hosts, and for individual hosts that percent ranged from 6.3% (Corydalis curvisiliqua) 

to 67.9% (Ipomopsis rubra). 

Of the 342 OTUs identified, 161 (47.1%) were singletons. (Figure 5). 

Excluding singleton OTUs, four fungi were limited to a single host species, while three 

OTUs, two species in the yeast genus Malassezia and an unidentified fungus in the 

Pleosporaceae, were found on all 28 host species (Table 3). The number of OTUs 

found on individual novel host samples varied widely, from 12 to 124 (mean = 44.2 ± 

24.2) (Figure 6). 

The majority (90%) of OTUs were found in 12 or fewer samples and 8 or fewer 

novel hosts. The mean number of samples per OTU was 6.56 ± 16.84 and the median 
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was 2. The mean number of novel hosts per OTU was 3.62 ± 4.86 and the median was 

2. Excluding singletons, 90% of OTUs were found in 25 or fewer samples and 14 or 

fewer host species. The mean number of samples per OTU excluding singletons was 

11.51 ± 22.02 and the median was 4. The mean number of novel hosts per OTU 

excluding singletons was 5.94 ± 5.77 and the median was 4. OTU641, Malassezia sp., 

was found on all 28 novel hosts and in 152 (43.2%) samples, the most cosmopolitan 

fungus in our study (Table 3). Histograms of number of taxa per host and per sample 

follow the classic hollow curve, with most hosts and samples having few fungal OTUs 

and a few having very many (Figure 5).  

Local community analysis. Surveys of the local vegetation within each of the 10 plots 

found percent cover ranging from 55.0% to 90.8% (mean = 73.7 ± 11.1%). Three 

grasses (family Poaceae) were the most abundant species in the meadow vegetation: 

Bromus diandrus was the most abundant local species, with a mean percent cover 

across all sites of 18.86 ± 4.72%, followed by Avena barbata (mean = 17.55 ± 7.61%) 

and Brachypodium distachyon (mean = 7.63 ± 6.25%). The majority of local species 

(31, or 70.5%) had a percent cover of less than 1%. There were 44 plant species across 

all 10 plots (Global local species richness, S), with individual plots ranging from 17 to 

27 (mean = 22.7 ± 3.02) (Table 1). The global Shannon diversity index (H) was 2.34 

(1.50 - 2.47, mean = 1.91 ± 0.31), and the global Pielou’s evenness index (J) was 0.62 

(0.49 - 0.75, mean = 0.61 ± 0.090). 

Phylogenetic analyses. There was no relationship between the number of fungal taxa 

on a host and its phylogenetic distance from the local community (Figure 7). Linear 
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regressions indicated no statistically significant relationship for any of the three 

measures of phylogenetic isolation: NTD (p = 0.48, R2 = 0.019, N = 26), PD10 (p = 

0.38, R2 = 0.029, N = 26), or meanPD (p = 0.48, R2 = 0.019, N = 26). Weighting 

phylogenetic distance by local host species abundance did not result in a statistically 

significant trend (Figure 8). Linear regressions showed no significant relationship for 

PD10 weighted by local plant species abundance (p = 0.63, R2 = 0.0089, N = 26), nor 

for meanPD weighted by mean local plant species abundance (p = 0.37, R2 = 0.031, N 

= 26). Similarly, regressions run with singletons excluded or by using Chao estimators 

indicated no statistically significant relationships.  

Phylogenetic distance from individual local species in the family Asteraceae do 

show a statistically significant relationship with the number of fungal taxa found on 

novel hosts (Figure 9). The pairwise phylogenetic distance between novel hosts and 

Baccharis pilularis, a prominent Asteraceae in the local plant community, accounts for 

25.4% of the observed variance in OTU richness in novel hosts (p = 0.006, R2 = 0.254, 

N = 26, F = 8.872, y = -0.02628x + 13.5696). 

The richness of fungal OTUs on plant samples was shaped more strongly by 

host species than location in the meadow. A two-way ANOVA of the number of OTUs 

as a function of novel host species and site showed statistically significant variation in 

the number of OTUs among host species (p < 0.001, F = 6.50, N = 27) but not among 

site (p = 0.79, F = 0.61, N = 9). Figure 6 visualizes the variation in the number of OTUs 

for each novel host. 
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Discussion: 

Fungal community structure. Novel hosts showed a broad range of OTU richness, 

and the completeness of our sampling varied across the hosts (Figure 4). Several 

species, such as Lupinus perennis, Rumex altissimus, and Chamaecrista fasiculata 

show a nearly flat species accumulation curve, reaching an asymptote after only a few 

samples. By contrast, a few species, namely Pseudognaphalium obtusifolium, Liatris 

spicata, and Phaecelia congesta, are steeply curved and do not reach an asymptote. 

This appears to be supported by Chao estimates, as novel hosts with nearly asymptotic 

curves have some of the lowest estimated “true richness”, whereas the three steeply 

curved novel hosts mentioned have the largest estimates (Table 2). It is possible that 

the unusually high richness of the latter three species is a result of their physiology – 

their leaves are covered in long, sticky trichomes that may be effective at capturing and 

retaining fungal spores from the environment. This dense protective barrier may also 

make surface sterilization procedures less effective, so the richness of the fungal 

communities in their tissues may be lower than observed. Overall, most of the species 

were fairly well sampled – adequate to address our questions about factors influencing 

fungal colonization across hosts.  

A small proportion of the fungal taxa we found were broadly host-generalist. 

Of the 342 OTUs identified, 19 (5.6%) were found on at least half of the 28 novel hosts, 

distributed across multiple families (Table 3, Figure 5). Despite differences in both 

plant and fungal richness, this broadly falls within the range (5-10%) found in other 

grasslands (Toju et al., 2019; Whitaker et al., 2018, Kendig et al., 2020), temperate and 
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boreal forests (Arnold & Lutzoni, 2007; Bálint et al., 2014; Christian et al., 2016), 

deserts (Massimo et al., 2015), wetlands (Clay et al., 2016), and tropical forests 

(Christian et al., 2017). Interestingly, the proportion of broad generalists seems to 

remain in the same range regardless of sampling depth or whether culturing or 

metagenomic methods are utilized. Abundant, broad generalists play an important role 

in plant microbiomes and plant community structure (Facelli et al., 2018). Their relative 

abundance and impact on a large number of plants make them an important player in 

structuring and regulating plant communities through disease.  

In total, 47.1% of observed fungal taxa were singletons (Figure 5B). As with 

broad generalists, the relative proportion of singletons remains consistent across 

biomes and methodologies (± 10% of our result). Understanding the prevalence and 

biological impact of rare taxa is another important piece of understanding fungal 

assemblages in plant microbiomes (Põlme et al., 2017; Gil-Martínez et al., 2018). There 

are several challenges to interpreting and comparing these data. Foundational work on 

this subject utilized culturing methods, which are inherently incapable of identifying 

the majority of fungi (Wu et al., 2019), so historical data on the fungal microbiomes of 

plants is of limited usability; though metagenomic methodologies largely circumvent 

this issue, greatly improving our understanding of the true diversity of microbiomes in 

plants (Unterseher et al., 2010; Delmont et al., 2011). Another challenge is to interpret 

the biological significance of singletons – they could be specialized fungi that only 

infect one or a few hosts, or they could simply be rare (Lim et al., 2012). Determining 

how rare fungal taxa, especially host-specific taxa, impact disease pressure and plant 
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community structure is an important challenge for disease ecologists – their impact 

may be smaller than broad generalists, but they can regulate plant communities by 

exerting disease pressure on specific hosts. Understanding which taxa are host-specific 

and what impact they have on their hosts would require inoculation experiments, which 

require a large investment and can only include taxa that are culturable. Increasing the 

sample size of a metagenomic microbiome survey like this would also help resolve the 

question for some taxa. Future work could also utilize simulations to estimate the 

probability of different levels of specialization, given the frequency with which 

individual OTUs were found (Ferrer & Gilbert, 2003). 

Prominent fungal community members and their potential role. Yeasts are less 

likely than filamentous fungi to grow on culture media commonly used for plant 

microbiome studies (Di Menna, 1957; Abdillah et al., 2020) so our understanding of 

the prevalence and ecological importance of yeasts are underdeveloped; though 

research on yeasts in plants have been ongoing for decades (Starmer et al., 1978; 

Starmer et al., 2003). Of the 19 broad generalists identified in our study, eight are 

yeasts, including two of the three taxa that were present on all 28 novel hosts – 

Malassezia sp. and Malassezia globosa (Table 3). Yeasts belonging to the genus 

Malassezia are in a sister clade to plant pathogenic smuts and Exobasidium (Wang et 

al., 2014), and are known as part of the normal human skin microbiome and 

opportunistic human pathogens (Findley et al., 2013). With metagenomic assessments 

of microbiomes of plants, corals, and other hosts, Malassezia spp. have been identified 

in a variety of habitats (Amend 2014) and it is increasingly clear that they are not 
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exclusive to human microbiomes. Their potential role as a member of the microbial 

community in plants deserves additional attention (Roy et al., 2009). According to a 

review article by Amend (2014), Malassezia spp. have been associated with diseased 

tissue in corals. Given that they are also associated with disease in mammals, it is 

reasonable to assume they could play a role in plant disease as well, though whether 

they are a causative agent of disease or simply a symptom will need to be investigated. 

Obtaining axenic cultures for inoculation studies is the optimal next step forward, 

though culturing Malassezia spp. is challenging (Ashbee, 2007). Verifying that 

Malassezia spp. is actively metabolizing in plant isolates, especially in diseased tissue 

can be accomplished with mRNA-based studies.  

The significance of phylogeny in plant disease.  Previous work by Parker et al. (2015) 

at our site found that novel plant species with short phylogenetic distances to species 

in the neighboring community suffered greater disease pressure, and we hypothesized 

that this was because those hosts would be colonized by a greater number of fungal 

taxa from the local plant community.  Our findings did not support that hypothesis 

either based just on the phylogenetic distance to neighboring plants (Figure 7) or when 

those distances were weighted by local plant abundance (Figure 8). An assumption of 

our study is that the fungi that colonize the novel hosts would primarily have spilled 

over from the local plants within each 20 m radius plot; it is possible that inoculum 

coming from reservoirs outside the plots were responsible for a large proportion of 

available inoculum. This would be consistent with airborne fungal communities being 

broadly mixed across a landscape, as indicated by Crandall et al. (2020).   
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Additionally, the measures of plant cover we used to estimate local plant 

abundance may be insufficient to represent the relative influence of local plants on 

novel hosts’ fungal communities. The shrub Baccharis pilularis, for example, is 

atypical from most other plants in the meadow community because it is taller than any 

other plant at our study site, standing 2-3 meters at maturity; this may allow fungal 

spores originating from its leaves to travel much further than those of other plants. B. 

pilularis is also the most prominent evergreen species at our study site – the majority 

of local plant species are annuals or biennials. Perennials may serve as important 

disease reservoirs for pathogens that infect annual species (Thrall et al., 1993; Kendig 

et al., 2020), so B. pilularis may exert a disproportionately large effect on novel hosts’ 

fungal communities. Our study site was also bordered on one side by a mixed-

evergreen forest and by an organic farm on another side. If the airborne fungal 

communities were indeed as homogeneous as suggested by Crandall et al. (2020), fungi 

originating in those habitats and outside the areas we measured may have had 

significant influence on microbiome formation in the novel hosts. Finally, we did not 

differentiate between pathogens and other functional groups, so it is possible that a 

relationship exists between the number of pathogens on a novel host and phylogenetic 

distance, but it was masked by the inclusion of non-pathogens. While it is still an 

approach in development, classifying OTUs into functional groups is possible (Liang 

et al., 2019). This is a necessary step forward to understand whether pathogens are 

specifically sensitive to the phylogenetic relationships between host plant species. 
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 We found a statistically significant relationship between the number of fungal 

OTUs found on a novel host and the pairwise distance from novel hosts to Baccharis 

pilularis (Figure 9), as well as to all other local plant species of the family Asteraceae. 

This is driven in part because two of the three species with the greatest fungal richness 

(Pseudognaphalium obtusifolium and Liatris spicata; Figure 6) are in the Asteraceae, 

suggesting that there may be a relationship between that family and patterns of fungal 

community richness at our site. In Figure 9, P. obtusifolium and L. spicata are the two 

uppermost and leftmost points, at around 47 Myr, and are clearly driving the regression 

trendline. It may be that these species have traits that allow them to support a wide 

variety of fungal endophytes, or it could be that the trichome-filled leaf surface of these 

species could make them difficult to properly surface sterilize. Resolving whether the 

taxa found on species like these are epifoliar or colonize host tissue by modifying and 

validating the efficacy of surface sterilization techniques is integral in determining 

whether this pattern is a result of a biological signal or methodological error. A more 

focused sampling of families closely related to Asteraceae can elucidate whether 

Asteraceae have a larger relative impact on fungal species richness on novel hosts. 

Conclusion. We were able to partially answer the two main questions we posited. First, 

we focused on describing the structure of fungal communities that develop on novel 

host plants. We asked: “What is the relative frequency of generalist pathogens and more 

host-selective pathogens in the community of fungi colonizing novel hosts?” We can 

assert that the proportion of both broad generalists and rare species is similar to several 

other communities that have been studied. However, an important limitation is the 
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difficulty in untangling whether rare species are rare because they are specialists or 

because they are simply uncommon in the habitat. Only four OTUs were found in more 

than one sample but on a single host, which is suggestive of possible specialization, 

while we could not determine whether the other OTUs found on only a single host were 

specialized or not. Accepting those caveats (and excluding singletons), we found the 

fungal community was dominated by species that utilized a few hosts--not one, and not 

many. 

Our second question was: “Can we predict spillover of fungal species onto focal 

hosts based on composition of plant species in the surrounding community?” We also 

asked: “Does phylogenetic rarity predict fungal species richness?”, and “How does the 

local abundance of closely related neighbors contribute to fungal species richness?” 

We were unable to predict the degree of spillover of fungal species onto novel hosts as 

a function of phylogenetic distance on a community-wide level. Abundance of plants 

in the local community did not appear to contribute significantly to fungal species 

richness, though there may be confounding factors that were not addressed with this 

experiment that warrant inquiry.  For example, alternative hosts in surrounding habitats 

(e.g. mixed evergreen forest, agricultural land, and the campus arboretum) may have 

donated pathogens to the novel hosts over a larger spatial scale to a degree that 

swamped out the effect of the local community.  Novel hosts may not have been in the 

field long enough to be colonized by more specialized pathogens.  Additionally, 

microbes that are incidental colonists, or epifoliar fungi that escaped surface 

sterilization, might obscure patterns in the community of pathogenic fungi.  
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We suggest several avenues for further inquiry into these questions. To separate 

the patterns of pathogenic fungi from incidental species, one could replicate these 

analyses using subsets of the data including just OTUs with known functions. To 

elucidate the question of host-specific fungal taxa, inoculation studies would provide 

definitive information on host range and the potential for spillover for culturable fungi. 

An increased sampling depth and simulations can resolve some of the unculturable 

fungi. For common, yet unculturable taxa like Malassezia spp., obtaining axenic 

cultures would be ideal, but future research can also rely on mRNA-based approaches 

and identifying taxa of interest predominantly in diseased tissues.  Information on 

which fungi are associated with hosts in the surrounding plant community would help 

trace the fungi on novel hosts back to the source of pathogen spillover. Finally, we 

suggest validating surface sterilization methods combined with a more focused 

sampling of families closely related to Asteraceae to resolve whether the observed 

fungal richness in some Asteraceae spp. is the result of them having a 

disproportionately large impact on the fungal community in novel hosts. 
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Tables and Figures: 

Table 1 - Pertinent measures of the local plant community by plot. Values for 

species richness (S), Shannon diversity index (H), and Pielou’s evenness index (J) for 

each plot from which local species abundance data was calculated. Additionally, the 

mean nearest taxon distance (NTD), mean 10th quantile phylogenetic distance (PD10), 

and mean of the mean pairwise distances (meanPD), of the novel host species to the 

local plant community are presented for each site in millions of years (Myr). The mean 

values across sites were calculated as well as global values for the entire experiment. 

Coordinates and elevation in meters for the center point of each plot are included. Plots 

with an asterisk differ from the plots used in Parker et al. (2015) and were moved due 

to disturbance or woody plant encroachment. 

 

 Geographic location  Biodiversity 

measures 

 Phylogenetic Distance 

Measures (Myr) 

Plot Latitude Longitude Elevation   S  H  J  Mean 

NTD  

Mean 

PD10 

Mean 

meanPD  

1* 36.9861679 -122.059408 135.1379  25 2.02 0.63  62.28 120.66 228.04 

2 36.9865279 -122.059722 141.4272  22 1.89 0.61  95.61 170.17 232.35 

3 36.9868500 -122.059333 144.4752  21 1.75 0.58  90.96 119.13 232.36 

4* 36.9873960 -122.059629 157.1840  23 2.15 0.69  67.56 129.29 224.24 

5 36.9878110 -122.05901 153.3144  27 2.47 0.75  74.62 138.32 227.15 

6* 36.9876560 -122.058453 156.1437  22 2.23 0.72  101.75 131.54 226.07 

7 36.9878459 -122.057661 156.0576  17 1.74 0.62  96.84 162.33 230.65 

8 36.9868829 -122.057887 146.304  22 1.49 0.48  83.80 140.57 234.23 

9 36.9863770 -122.058792 140.5128  21 1.50 0.49  69.98 134.44 225.72 

10* 36.9858000 -122.059011 133.0146  27 1.88 0.57  83.75 146.52 230.32 

Mean    22.7 1.91 0.61  82.72 139.30 229.11 

Standard Error   3.02 0.31 0.09  13.64 16.59 3.34 

Global    44 2.34 0.62  62.47 126.61 231.67 
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Table 2 - Novel host species selected for this experiment. 28 novel host species were 

selected for this experiment, representing a wide array of phylogenetic rarity in relation 

to the local plant community. Survival rate displays the number of sites, out of 10, that 

viable data was able to be retrieved from for each novel host. The OTUs column 

displays the number of operational taxonomic units that were identified on each novel 

host species, whereas the Survival (Surv) column shows the number of sites sampled 

(out of 10) that had sampleable hosts at the end of the study. Chao is the Chao1 

estimator of the estimated “true” number of fungal taxa on each host species. Mean 

global phylogenetic distance of each novel host from the local plant community is 

displayed using three measures of phylogenetic distance and is in millions of years 

(Myr): nearest taxon distance (NTD), 10th quantile phylogenetic distance (PD10), and 

mean pairwise distance (meanPD). 
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Species Name Family Surv OTUs Chao NTD PD10 meanPD 

Andropogon gerardii Poaceae 10 26 73.5 79.50 79.50 225.95 

Brickellia eupatorioides Asteraceae 10 41 69.9 41.81 61.35 213.22 

Buchloe dactyloides Poaceae 10 31 69.0 79.50 79.50 225.95 

Campanula americana Campanulaceae 4 24 71.5 166.41 166.41 232.79 

Chamaecrista fasciculata Fabaceae 8 21 51.3 155.93 155.93 238.29 

Chasmanthium latifolium Poaceae 10 33 69.1 79.50 79.50 225.95 

Cirsium discolor Asteraceae 9 47 117.9 4.23 68.56 212.19 

Corydalis curvisiliqua Fumariaceae 6 21 174 174.40 263.36 263.56 

Dalea purpurea Fabaceae 9 43 131 127.03 127.03 233.73 

Desmodium canadense Fabaceae 9 40 94.4 115.26 115.26 232.12 

Echinacea purpurea Asteraceae 7 27 57.6 41.81 61.35 213.22 

Elymus riparius Poaceae 10 53 88.4 20.88 39.06 215.79 

Elymus villosus Poaceae 10 45 72.1 20.88 39.06 215.79 

Eryngium yuccifolium Apiaceae 9 49 116.7 86.94 187.46 232.05 

Euphorbia corollata Euphorbiaceae 5 21 29.7 222.85 231.57 250.13 

Ipomopsis rubra Polemoniaceae 10 51 109.0 189.32 224.68 245.29 

Liatris spicata Asteraceae 7 78 192.8 41.81 61.35 213.22 

Lupinus perennis Fabaceae 4 12 16.2 22.01 128.43 231.50 

Monarda fistulosa Lamiaceae 10 61 139.0 94.54 213.48 235.84 

Nicotiana rustica Solanaceae 9 69 146.2 133.30 213.48 235.84 

Penstemon cobaea Scrophulariaceae 10 39 93.0 90.32 213.48 238.22 

Phacelia congesta Hydrophyllaceae 10 89 185.3 176.50 213.48 239.30 

Pseudognaphalium 

obtusifolium 

Asteraceae 9 124 270.3 0.55 61.35 212.28 

Rudbeckia maxima Asteraceae 8 49 154.0 90.52 90.52 218.99 

Ruellia humilis Acanthaceae 9 27 84.0 94.33 213.48 235.83 

Rumex altissimus Polygonaceae 10 21 34.0 22.24 239.75 241.27 

Sorghastrum nutans Poaceae 9 36 82.4 79.50 79.50 225.95 

Vernonia gigantea Asteraceae 9 59 317.8 55.66 61.35 213.50 

Mean  8.6 44.2 111.1 89.55 134.61 229.21 

Standard Error  1.8 24.2 69.1 60.54 73.16 13.01 

Global  240 342 576.4    
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Table 3 - Most common fungal taxa found on novel hosts. The 20 most common 

fungal operational taxonomic units (OTUs) ranked by the number of novel hosts they 

were found on (maximum of 28). The number of samples each OTU was identified in 

out of a maximum of 240 is also included. Taxonomy was assigned using the R package 

DADA2 and the UNITE database general FASTA release for all eukaryotes. Reads 

were clustered into operational taxonomic units (OTUs) using the “tip_glom” function 

from the “phyloseq” package in R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

28 

 

OTU Family Species Name Novel 

Hosts  

Samples 

641 Malasseziaceae Malassezia sp. 28 152 

154 Pleosporaceae Undetermined 28 142 

640 Malasseziaceae Malassezia globosa 28 70 

157 Pleosporaceae Undetermined 27 125 

968 Filobasidiaceae Filobasidium sp. 26 107 

958 Chrysozymaceae Oberwinklerozyma sp. 23 49 

1349 Mycosphaerellaceae Undetermined 22 53 

1016 Mrakiaceae Itersonilla sp. 20 65 

946 Sporidiobolaceae Rhodotorula sp. 20 53 

207 Sporomiaceae Undetermined 20 42 

1013 Mrakiaceae Udeniomyces sp. 19 61 

1032 Sclerotiniaceae Undetermined 18 49 

987 Filobasidiaceae Nagnishia sp. 18 34 

771 Psathyrellaceae Undetermined 16 40 

848 Phaeotremellaceae Gelidatrema spencermartinsiae 16 27 

267 Botryosphaeriaceae Undetermined 15 25 

65 Aspergillaceae Aspergillus sp. 15 18 

897 Kondoaceae Undetermined 14 41 

936 Cystobasidiomycetes Incertae sedis Sakaguchia sp. 14 40 

770 Bolbitiaceae Panaeolus sp. 13 19 
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Figure 1 - Newick tree of the phylogenetic relationships between novel hosts and 

local species. Tree tips highlighted in orange are novel hosts (28), whereas tree tips 

with empty blue circles are resident meadow species (44). Major families with three or 

more representatives are labelled with colored circles indicating the common ancestor 

for each labelled family – Poaceae in black, Fabaceae in purple, and Asteraceae in 

yellow. Branches representing Monocots and Eudicots are also labelled. Units for the 

tree are in millions of years (Myr).  
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Figure 2 - Distribution of novel host species in relation to the local plant 

community as a function of three phylogenetic distance metrics. Phylogenetic 

distance metrics were calculated for each of the 28 novel hosts in relation to the local 

plant community shown in Table 3. A) Phylogenetic distance to the most closely related 

taxon (NTD), B) the 10th quantile phylogenetic distance to the local plant community 

(PD10), and C) the mean pairwise distance from the novel host to each member of the 

local plant community (meanPD). 
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Figure 3 - Schematic representation of field experiment design. One each of the 28 

novel hosts were randomly arranged in Cone-tainer™ racks with empty spaces on each 

cardinal side. Each Cone-tainer™ had a cotton string wick inserted approximately 3 

cm into the soil from the bottom with sufficient length to reach the bottom of the 

watering trough the rack assembly was placed into. Racks were placed in triplicate in 

the center of each 20 m radius plot in a Northwest facing arrangement and enclosed in 

thin deer netting to prevent large mammal herbivory.  
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Figure 4 - Species accumulation curves for fungal communities on novel hosts. The 

Dashed lines represent the 28 novel hosts and were generated by randomly sampling 

among the sites where the novel host survived for 100 permutations. The blue 

enveloped curve represents the null hypothesis – that each of the novel host species are 

equivalent fungal hosts – and was generated by randomly selecting one host species 

from each of the 10 random sites in random order for 1000 permutations to generate 

the median and 95% CI. 
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Figure 5 - Abundance and host range of fungal taxa within the fungal community 

found on novel hosts. The number of fungal operational taxonomic units (OTUs) by 

A) the number of novel host species and B) the number of samples in which they were 

detected. The red bars represent the fungal community excluding singletons (fungal 

taxa detected on only one sample), whereas the grey bar represents the singletons. The 

number of fungal OTUs as a function of the number of novel hosts they infect provides 

a visual representation of the variation in host ranges among fungi in the community, 

whereas fungal OTUs as a function of the number of samples provides a visual 

representation of the distribution of abundances of fungal taxa. 
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Figure 6 - Range of fungal community richness on novel hosts, arranged by 

phylogenetic relationships between novel hosts. Boxplots of the number of 

operational taxonomic units (OTUs) found on each novel host sample. The observed 

fungal richness ranged from 4-10 OTUs per sample. Combined values for all samples 

from each host species are provided in Table 2. Host species are arranged by 

phylogenetic relationships, and families that are represented by more than one novel 

host are labelled with colored circles indicating the common ancestor for each labelled 

family – Poaceae in black, Fabaceae in blue, and Asteraceae in orange. Branches 

representing Monocots and Eudicots are also labelled. Units for the tree are in millions 

of years (Myr). 
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Figure 7 - Phylogenetic isolation as a predictor of the mean number of fungal taxa 

found on novel hosts. The mean number of fungal operational taxonomic units (OTUs) 

found on novel hosts as a function of phylogenetic distance based on pairwise 

phylogenetic distances from each novel host to each of the species in their surrounding 

community. Three metrics for phylogenetic distance were used: A) nearest taxon 

distance (NTD), B) 10th quantile phylogenetic distance (PD10), and C) mean pairwise 

distance (meanPD), and were measured in millions of years (Myr) of independent 

evolution. None of the linear regressions were statistically significant. Standard error 

bars for each novel host are displayed in grey. 
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Figure 8 - Phylogenetic isolation weighted by local species abundance as a 

predictor of the mean number of fungal taxa found on novel hosts. The mean 

number of fungal operational taxonomic units (OTUs) found on novel hosts as a 

function of phylogenetic distance weighted by local plant species abundance, based on 

pairwise phylogenetic distances from each novel host to each of the species in their 

surrounding community. Two metrics for phylogenetic distance between novel plant 

hosts and the local plant community were used: A) mean weighted 10th quantile 

phylogenetic distance (wPD10), and B) weighted mean pairwise distance (wmeanPD) 

and were measured in millions of years (Myr) of independent evolution. None of the 

linear regressions were statistically significant. Standard error bars for each novel host 

are displayed in grey. 
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Figure 9 - Pairwise phylogenetic distance from Baccharis pilularis as a predictor 

of the mean number of fungal taxa found on novel hosts. The mean number of 

fungal operational taxonomic units (OTUs) found on novel hosts as a function of 

pairwise phylogenetic distance from the focal local plant species, Baccharis pilularis. 

The relationship is statistically significant. Standard error bars for each novel host are 

displayed in grey.  
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Appendices: 

Appendix 1 - Table of the abundance of plant species in the local community. The 

percent cover measurements for all local plant species identified within each plot 

during the quadrat and rare species surveys. Mean percent cover, standard error (S.E.), 

and relative abundances (Rel. Abund.) were calculated for each of the 44 local species. 

All values are percentages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

42 

 

 



 

43 

 

 



 

44 

 

Appendix 2 - Map of plot locations within the study site. Satellite image of the Great 

Meadow on the University of California Santa Cruz campus overlaid with the positions 

of the center point of each plot. Plots with the “-2018” suffix are plots that were 

changed from Parker et al. (2015) due to disturbance or woody plant encroachment. 

Original positions of the changed plots are shown without the “-2018” designator. A 

mixed evergreen forest borders the Eastern side of the study site (left side of image), 

and an organic farm borders the North (bottom of image). The Pacific Ocean is 

approximately 1 km to the West (right side of image). The prefix “GM-” stands for 

Great Meadow. 
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