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Abstract: The widespread endemic tree Lophomyrtus bullata (ramarama; Myrtaceae) is in serious decline. 
Lophomyrtus bullata is now considered threatened due to the ongoing spread of Austropuccinia psidii, a rust 
fungus causing myrtle rust disease. Mycorrhizal communities play an important role in the survival of plant 
species and have a potential role in disease resistance. Thus, we examined the fungal communities of L. bullata, 
with special emphasis on the arbuscular mycorrhizal fungi, together with vegetation and site characteristics 
in three forest associations in Northern New Zealand. Molecular analyses demonstrated a diverse fungal 
community, including representatives of nine families of arbuscular mycorrhizae. The family Archaeosporaceae 
was particularly abundant and diverse. Other fungal phyla (Ascomycota, Basidiomycota, and Zygomycota) 
were also found to associate with L. bullata. Mycorrhizal species composition across vegetation associations 
was similar but abundances differed. This is the first study to demonstrate the multiple fungal species associated 
with L. bullata, which may help in the remediation of this vulnerable plant.

Keywords: fungal endophytes, Glomeromycota, Lophomyrtus bullata, metabarcoding, zero-radius operational 
taxonomic unit

Introduction

Lophomyrtus bullata (ramarama) is one of two species in 
the endemic genus Lophomyrtus (Myrtaceae: Myrteae) in 
New Zealand (Burret 1941; Thornhill et al. 2015). Lophomyrtus 
bullata occurs throughout the North Island and the north-eastern 
corner of the South Island (absent from northwest Nelson) and 
south to the Wairau River, Marlborough (Cheeseman 1906; 
Allan et al. 1961; Dawson et al. 2011). Lophomyrtus bullata 
grows in shade or full sun, preferring open forest or forest 
margins (Salmon 1980), and is often a common mid-storey 
tree of lowland-podocarp forests; occasionally it grows on 
steep slopes and can form a large component of regenerating 
shrubland in wetter areas (de Lange 2020). In te reo Māori 
(Māori language) ramarama means “a gleam of light” most 
likely because of the crinkly, shiny leaves (Fig. 1). Traditionally 
ramarama leaves have been used by Māori to treat bruises 
and cuts (Riley 1994), presumably because of the cytotoxic 
and antimicrobial properties of a unique natural product, 
bullatenone (Woollard et al. 2008). Previously assessed as 
not threatened, this species was reclassified as Threatened, 
Nationally Critical because of the risk myrtle rust disease, 
caused by the exotic rust fungus Austropuccinia psidii, poses 

to L. bullata since it was first detected in New Zealand in 2017 
(de Lange et al. 2018).

Over 90% of plant species have a mutually beneficial 
symbiotic association with mycorrhizal fungi (Bonfante & 
Genre 2010). These fungi have a major role in nutrient cycling 
(Kloepper 1994; Selosse & Roy 2009), providing the host 
plants with services such as improved nutrient status, growth, 
water absorption, and disease resistance, while the plant host is 
necessary for fungal growth and reproduction (Smith & Read 
2008). Mycorrhizae are separated into endomycorrhizae, within 
which there are orchid, ericoid, and arbuscular mycorrhizae 
(AM), and ectomycorrhizae (ECM) (Bonfante & Genre 2010).

Members of New Zealand Myrtaceae such as Metrosideros 
Banks ex Gaertn. are known to support AM (Hafeel 2000), 
while others such as Leptospermum scoparium agg. J.R. Forst. 
& G. Forst. and Kunzea Rchb. (Kunzea ericoides (A. Rich) 
Joy Thomps. complex) are known to support both AM and 
ECM (Moyersoen & Fitter 1999; de Medina 2018). To date, 
we do not know which type of mycorrhizae associates with 
Lophomyrtus bullata. Members of the tribe Myrteae closely 
related to Lophomyrtus, such as Rhodomyrtus (DC.) Rchb. 
and Psidium L. are known to associate with AM (Koske et al. 
1992) and in a phylogeny of Myrtaceae Lophomyrtus occurs 
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Figure 1. Ramarama (Lophomyrtus bullata) in flower. December 31 2020 (M. Ford).

in a putative AM-only clade (Tedersoo & Brundrett 2017); we 
wanted to definitively demonstrate the mycorrhizal partners 
of the genus Lophomyrtus.

Our study is the first step in understanding the ecology of 
this often-overlooked plant species. Although the main aim 
of our study is to determine which species of fungi associate 
with Lophomyrtus bullata across three forest types in north-
western Northland, our ultimate aim is the protection of this 
endemic species using its fungal associates.

Methods

Study sites
The study sites were in the Tutamoe Ecological District (Miller 
& Holland 2008) of the western far north of the North Island, 
New Zealand (35°70ʹ0″ S, 173°5ʹ0″ E). The three study sites, 
Six-Foot Track, The Domain, and Maunganui Bluff, were 
chosen to represent differences in elevation, forest associations, 
rainfall, soil, and distance to the coast (Table 1). Further, sites 
were chosen in areas of native vegetation with no known 
occurrences of myrtle rust disease (Campbell et al. 2020). The 
vegetation of all three sites have been modified (e.g. logging 
and fire) to some extent in the last 100 years (Ford 2021).

Vegetation analysis
In each study site, five mature Lophomyrtus bullata plants 
were randomly selected. The distance between the selected 
plants was three times the size of the canopy to minimise the 
overlap of the root system between plants. The location and 
elevation of all selected plants was recorded with a Garmin 
GPSMAP 65 (Garmin Ltd, Kansas).

The vegetation structure and floristic composition were 
recorded at each site, using the Atkinson system (Atkinson 
1985) to characterise the composition of the dominant species 
in the canopy and describe the growth form (Appendix S1 in 
Supplementary Material). In addition, vascular plant species 
were recorded to assess the forest composition and diversity. 
The vegetation survey was done within one plot (30 m in 
radius, containing all five selected L. bullata plants) per site. 
A voucher specimen of L. bullata was collected from each site 
and deposited in the Auckland Museum Herbarium.

Soil sampling and analyses
One soil sample was collected 0.5 m from the stem, at random 
directions, of each selected plant. Leaf litter and the organic 
layer was removed before collecting a sample to 10 cm depth 
using a stainless-steel ring with a 3.5 cm radius. Samples were 
stored in plastic ziplock bags and transported in an insulated 
container with ice packs before being stored at 4°C.
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Table 1. Characteristics of each location: Median annual average rainfall (Chappell 2014), median annual average temperature 
(Chappell, 2014), elevation (a.s.l.), underlying geology and soils (Fieldes 1968; Manaaki Whenua 2020).
__________________________________________________________________________________________________________________________________________________________________

Environmental parameter Six- Foot Track The Domain Maunganui Bluff
 (35°45ʹ00″ S, 173°33ʹ00″ E) (35°30ʹ00″ S, 173°28ʹ00″ E) (5°39ʹ00″ S, 173°39ʹ0″ E)
__________________________________________________________________________________________________________________________________________________________________

Median annual average rainfall 1600–1800 mm 2000+ mm 1300–1400 mm
Median annual average temperature 12–13℃ 11–12℃ 14–15℃
Elevation (a.s.l.) 438 m 465 m 435 m
Underlying Geology Tangihua Complex Waipoua Basalt Waipoua Basalt
Soils (Fieldes, 1968) Brown granular loams Brown granular loams Brown granular loams 
 and clays and associated and clays and associated and clays and associated 
 soils soils soils
Soils (Manaaki Whenua 2020) Orthic Recent Perch-Gley Granular Orthic Recent
__________________________________________________________________________________________________________________________________________________________________

Soil samples were prepared for analyses by air drying 
them at 35–40°C. Air dried samples were then crushed to 
pass through a 2 mm sieve. The volume to weight ratio was 
estimated using air-dried 2 mm sieved soil. Soil pH was 
measured in deionised water at a 1:2 soil:water slurry. Dumas 
high-temperature (1050°C) combustion was used to determine 
total carbon (TC) and total nitrogen (TN) (Blakemore et al. 
1987). All soil analyses were carried out in an International 
Accreditation New Zealand (IANZ) laboratory.

Root sampling
Root samples were taken from each of the five selected mature 
plants of L. bullata at each site. Sampling was conducted over 
two weeks in Austral spring 2020. According to Stürmer and 
Bellei (1994), AM are active and producing spores during 
spring. Leaf litter and coarse organic matter were removed. 
Roots were then carefully tracked back to the trunk base of 
each selected L. bullata plant followed by the collection of 
fine roots (up to 3 mm). Root samples were stored in ziplock 
bags and transported in an insulated container with ice packs 
before being stored in a freezer (−20°C).

Root preparation and microscopy
Root samples were cleaned by washing twice with reverse 
osmosis (RO) water and brushing off soil with a soft toothbrush, 
followed by washing with 1% Tween® 20 (nonionic detergent), 
and a final rinse with RO water; care was taken to preserve 
the root structure although some fine roots may have been 
lost in the process of cleaning the roots. Samples were then 
frozen at −20°C. While preparing the root samples we detected 
that sample 6 and 7 (The Domain) contained Dacrycarpus 
dacrydioides (kahikatea) roots, a species which was commonly 
found intermixed with L. bullata. The D. dacrydioides root 
samples were excluded from further analyses.

Staining of root samples followed the protocol developed 
by Moukarzel et al. (2020) in which roots are covered with 75% 
ethanol overnight at room temperature and then autoclaved 
in 10% potassium hydroxide for 15 minutes. The roots were 
stained in 0.05% trypan blue. After staining, the roots were de-
stained using lactoglycerol (1:1:1 lactic acid: glycerol: water) 
so they could be stored long-term at 4°C before microscopy 
work was undertaken.

Stained root samples were sectioned and mounted in water. 
The slides were studied using a Nikon Eclipse 80i compound 
microscope (Nikon Instruments Inc., Melville, New York) and 
any observed fungal structures were photographed using NIS 

elements imaging software 3.1.100 (2018). The percentage of 
mycorrhizal colonisation of L. bullata roots was determined 
using a gridline intersection (Brundrett et al. 1996); five roots 
from two samples per site were examined.

DNA extraction and Illumina sequencing
Approximately 0.3 g of powdered root material per sample 
was used for each extraction with the DNeasy Plant Mini kit 
(QIAGEN). The extracted DNA was sent to Genewiz, China 
(https://www.genewiz.com) for 18S ribosomal RNA (SSU 
small subunit) and ITS (internal transcribed spacer) amplicon 
sequencing on the Illumina MiSeq 2x250 platform. The 18S: v7–
v8 region was amplified using primers CGWTAACGAACGAG 
and AICCATTCAATCGG designed by GENEWIZ (https://
www.genewiz.com). The ITS2 region was amplified using 
GTGAATCATCGARTC and TCCTCCGCTTATTGAT 
designed by GENEWIZ (https://www.genewiz.com). Two gene 
regions were amplified to characterise the fungal community 
within L. bullata; the 18S region to target AMF (Öpik et al. 
2010; Banos et al. 2018), and the ITS2 for the general fungal 
community (Hanif et al. 2019).

Bioinformatics and statistical analyses
All the steps for processing sequence reads into ZOTUs 
(zero-radius operational taxonomic units) were carried out 
using VSEARCH 2.14.2 (Rognes et al. 2016), except for 
trimming of adaptors and primers, which was done with 
Cutadapt 3.3 (Martin 2011). The forward (R1) and reverse 
(R2) strand sequences were merged, trimmed of adaptors and 
primers, and relabelled by sample. The trimmed sequences 
were then pooled together and filtered for errors and lengths 
(any sequences with maximum expected errors > 1.0, > 0 
undetermined bases, and outside length ranges of 300 to 415 
for 18S, or 190 to 415 for ITS, were discarded). The filtered 
sequences were dereplicated, denoised into ZOTUs, and filtered 
for chimeras. The 18S ZOTUs were identified by BLAST 
with the MaarjAM database (https://maarjam.botany.ut.ee/) 
which contains Glomeromycota sequences. The ITS data were 
identified using the RDP naïve Bayesian classifier with the 
fungal ITS database option (derived from the UNITE fungal 
ITS database) (Wang et al. 2007). Zero-radius operational 
taxonomic unit abundances were inferred by mapping the 
trimmed sequences against the ZOTU sequences at a 97% 
identity threshold.

Molecular data (18S and ITS) were analysed using R 
(Version 4.0.3.) using the packages vegan (Oksanen et al. 
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2013), ggplot2 (Wickham 2016), and dplyr (Wickham et al. 
2021). Both datasets provided ZOTU richness values per 
sample which were compared between forest types. The 18S 
data were filtered to exclude ZOTUs with BLAST bitscores 
of less than 300, while the ITS data were filtered to exclude 
ZOTUs with RDP identification confidence scores of less 
than 0.5 at taxonomic class level, to exclude ZOTUs with 
unreliable identifications. For analyses of richness differences 
between forest associations, the data sets were filtered again 
to exclude families represented by fewer than 30 ZOTUs. 
Means and standard errors of ZOTU richness per family were 
calculated per sample and plotted as bar graphs to display 
the richness trends of mycorrhizal families across the three 
forest associations. ANOVA tests were carried out to test for 
significant differences in the richness of mycorrhizal families 
between the forest associations. P-values were adjusted for 
multiple comparisons according to the Benjamini & Hochberg 
false discovery rate (Benjamini & Hochberg 1995) method. 
Multivariate community structure of 18S and ITS molecular 
data sets were analysed by calculating Bray-Curtis distances 
between samples. To investigate the relationships between 

fungal community composition and soil characteristics, 
principal coordinate analyses (PCoA) were carried out on 
the ZOTU abundance tables (Table 3). The first three axes of 
variation were extracted and used in a mixed model with soil 
data as independent variables and site as a random variable, 
using the R package lmerTest (Kuznetsova et al. 2017).

Results

Plant community composition and soil characteristics
Canopy, understorey, and groundcover plant species 
composition differed between the three sites (Table 2; Appendix 
S2). Six-Foot Track was dominated by Pterophylla sylvicola 
(tōwai) and Kunzea robusta (kānuka) in the canopy (Appendix 
S2). The Domain was dominated by Dacrycarpus dacrydioides 
(kahikatea); large Metrosideros robusta (northern rātā) trees 
were seen in The Domain but were not dominant. The canopy 
of Maunganui Bluff was dominated by Knightia excelsa 
(rewarewa) and Beilschmiedia tarairi (taraire). The highest 
number of vascular species was found at The Domain (n = 

Table 2. Plant community composition at Six-Foot track, The Domain, and Manganui Bluff. Following Atkinson (1985), 
the three leading species (based on the range of % cover) in each category are listed.
__________________________________________________________________________________________________________________________________________________________________

Vegetation Six–Foot Track The Domain Maunganui Bluff
__________________________________________________________________________________________________________________________________________________________________

Canopy Pterophylla sylvicola (Sol. ex A. Cunn) Dacrycarpus dacrydiodes (A. Rich.)  Knightia excelsa* R. Br. Beilschmiedia 
 Pillo et H.C. Hopkins, Kunzea de Laub.), Pterophylla sylvicola tarairi* (A. Cunn.) Benth. et Hook. f.  
 robusta de Lange et Toelken  ex Kirk
Understorey Lophomyrtus bullata [Dicksonia squarrosa (G. Forst.) [Myrsine australis (A. Rich.) Allan*, 
  Swartz -Lophomyrtus bullata] Geniostoma ligustrifolium A. Cunn   
   var. ligustrifolium*, Rhopalostylis   
   sapida H. Wendl. et Drude]
Groundcover Schoenus maschalinus Roem. et Schult. Selaginella kraussiana (Kunze) Asplenium lamprophyllum Carse 
  A. Braun 
Epiphytes  Asplenium L. spp., Astelia Banks 
  & Sol. ex R. Br. spp. and  
  Hymenophyllum Sm. spp. 
Lianas  Ripogonum scandens J.R. Forst. et  
  G. Forst., Freycinetia banksii A. Cunn. 
__________________________________________________________________________________________________________________________________________________________________

spp. = multiple species
*denotes plants of same height tier, bolded species means more than 50% cover, underlined species means 20–49%, and square brackets 
means 10–19% cover.

Table 3. Recognised generic diversity of Glomeromycota families (Wijayawardene et al. 2020), numbers of 18S ZOTUs 
recovered, and numbers of unique sequence names among ZOTU-matched MaarjAM database sequences.
__________________________________________________________________________________________________________________________________________________________________

Family Generic diversity of families ZOTUs Unique Sequence Names
__________________________________________________________________________________________________________________________________________________________________

Acaulosporaceae Gerdemann & Trappe 1 68 6
Ambisporaceae C. Walker, Vestberg & Schüßler 1 487 3
Archaeosporaceae 3 2433 9
Diversisporaceae C.Walker & A.Schüssler 7 11 3
Entrophosporaceae Ames & Schneider 3 105 5
Gigasporaceae J.B. Morton & Benny 1 610 9
Glomeraceae 17 576 37
Pacisporaceae Oehl & E. Sieverd. 1 4 1
Paraglomeraceae J.B. Morton & Redecker 2 189 5
Total 36 4483 78
__________________________________________________________________________________________________________________________________________________________________
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137) followed by Six-Foot Track (n = 112) and Maunganui 
Bluff (n = 80) (Appendix S2).

Soil pH at Maunganui Bluff ranged from 5.5 to 6.5 whereas 
pH at both Six-Foot Track and The Domain was less than 
5.5 (Fig. 2). Low volume weight (< 0.5 g ml−1) in two of the 
Six-Foot Track samples suggest a larger proportion of organic 
matter compared to Manganui Bluff and The Domain, which 
partly explains the high total carbon concentration (up to 
18%) measured in some of the Six-Foot Track samples (Fig. 
2). High variation in carbon and nitrogen concentration and 
C:N ratios were found at each site (Fig. 2).

Mycorrhizal fungal colonisation
Root staining provided evidence of AM colonisation, such 
as hyphal coils, arbuscules, and vesicles (Figs. 3a–c). This 
confirmed that Lophomyrtus bullata in all three forest 
associations supports AM relationships. Root samples were not 
associated with any AM spores. Using the gridline intersection 
method demonstrated that 68.5% of root length was colonised 
by mycorrhizal fungi across the samples examined; this 
percentage is most likely much higher as some sampled roots 
were too dark to see the mycorrhizal structures. Dark septate 
endophytes (usually Ascomycota) were also observed in  

L. bullata roots alongside AM (Fig. 3c). We did not observe 
any ECM fungal structures such as a mantle or a hartig net.

Molecular analyses
Among the 18S dataset, seven families from the phylum 
Glomeromycota were represented by over 30 ZOTUs 
(Acaulosporaceae, Ambisporaceae, Archaeosporaceae, 
Claroideoglomeraceae, Gigasporaceae, Glomaraceae, and 
Paraglomeraceae), with 68 to 2433 ZOTUs per family (Table 
3); Diversisporaceae and Pacisporaceae were also amplified 
but with fewer than 30 ZOTUs. Similar trends were observed 
across the forest associations with the family Archaeosporaceae 
J.B. Morton & Redecker (2001) being the most dominant for 
all three forest associations (Fig. 4). Archaeosporaceae was 
approximately four times as abundant than the next most 
abundant AMF family, Gigasporaceae, in terms of ASV 
richness and relative sequence abundance (Fig. 4). Although 
there were 2433 ZOTUs in Archaeosporaceae, each of these 
matched one of only 20 different database sequences, with only 
nine different names, compared with c. 1110 18S sequences 
and 14 different names from this family in the MaarjAM 
database (Öpik et al. 2010). One sequence (Archaeospora 
sp.; HM159462) was a match for 2351 ZOTUs with a mean 

Figure 2. Soil characteristics (pH, volume weight, total carbon and total nitrogen concentration, C:N ratio) at Manganui Bluff, Six-Foot 
Track, and The Domain.
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Figure 3. (a) Roots of L. bullata after cleaning Sample 9 from The Domain. Scale bar 15 cm. September 22 2021 (M. Ford), (b) AM fungi 
within the root cells of L. bullata from Sample 1, Six-Foot Track. A is an arbuscule and B is a fungal coil. The AM fungal coils appear 
dark blue due to the trypan stain. Magnification 400×, scale bar 10 μm, (c) AM fungal structures and a dark septate fungal endophyte 
within the root cells of L. bullata, The Domain. A is a dark septate endophyte and B is an arbuscule. Fungal structures appear dark blue 
due to the trypan stain. Magnification 400×, scale bar 20 μm.
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Figure 4. Mean and SE of ZOTU (ASV) richness (left) and relative sequence abundance (right) in Glomeromycota families detected at 
different sites by metabarcoding analyses of 18S genes.

pairwise identity of 94%; this sequence represents 96.6% of 
the recovered ZOTUs. Based on ANOVA tests, no significant 
differences in mycorrhizal richness were detected between sites 
for any Glomeromycota families in the 18S dataset.

In the ITS dataset, Ascomycota had the highest 
richness (1361 ZOTUs), with many ZOTUs identified 
as Archaeorhizomycetaceae Rosling and T. James, 
Herpotrichiellaceae Petr. and Hyaloscyphaceae Nannf, 
followed by Basidiomycota (561 ZOTUs), while 60 ZOTUs 
were detected from Glomeromycota. Only one ZOTU 
(zotu1051; Appendix S3) matched an ectomycorrhizal 
species, Scleroderma xanthochroum (SH1525914.08FU), 
with a sequence similarity of > 0.96%. Twelve fungal families 

were represented by over 30 ITS ZOTUs, with varying 
richness trends between sites (Fig. 5). The mean richness of 
Hyaloscyphaceae (but no other families in the ITS dataset) 
differed significantly between sites (F2 = 30.4, p.adj = 0.00118), 
with mean values of 16.2 ASVs in samples from The Domain, 
compared to 2.25 and 5.25 in Maunganui Bluff and Six-Foot 
Track samples, respectively. The first three PCoA axes of 
variance represented 28.7% of ITS community variance 
and 43.9% of 18S community variance. For the ITS dataset, 
there were no significant effects or correlations between the 
first three PCoA axes and soil variables. For the 18S dataset, 
the PCoA axis 2 was significantly negatively correlated with 
total C and C:N ratio (F13 = −2.55 and −2.28, p = 0.0242 and 
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Figure 5. Mean and SE of ZOTU/ASV richness (left) and relative sequence abundance (right) of fungal families grouped by phylum 
detected at different sites by metabarcoding analyses of the ITS locus.
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0.0403, respectively), and axis 3 was significantly positively 
correlated with total N (F11.8 = 2.29, p = 0.0414).

Discussion

Our study confirms the prior hypothesis (Tedersoo & Brundrett 
2017) that Lophomyrtus bullata are colonised by arbuscular 
mycorrhizae (AM); additionally, we did not find any evidence 
of ectomycorrhizal fungi (ECM) on L. bullata roots. Although 

plants generally support only one type of mycorrhizae, such as 
AM or ECM (Moyersoen & Fitter 1999), there are Myrtaceae 
and other plant families that support both groups (Chilvers 
et al. 1987). The occurrence of both AM and ECM fungi 
associated with some Myrtaceae species such as Eucalyptus 
(Chilvers et al. 1987) has been explained by their ecology. In 
plant species able to support both AM and ECM, AM fungi 
are more dominant in the early stages of plant establishment 
(i.e. the seedling stage) but are quickly outcompeted by ECM 
as the roots of the plant branch and spread (Chilvers et al. 
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1987; Lodge & Wentworth 1990). Kunzea and Leptospermum 
may characterise early successional vegetation stages in 
New Zealand forests; however, they appear to be more closely 
affiliated with ECM when establishing in areas dominated 
by ECM tree species (e.g. members of the Nothofagaceae) 
and with AM in areas dominated by AM tree species (e.g. 
Podocarpus spp.) (Moyersoen & Fitter 1999; Medina 2018). 
Many dominant tree species in New Zealand such as Agathis 
australis and Podocarpaceae Endl. support AM relationships 
(Russell et al. 2002; Dickie & Holdaway 2011; Padamsee 
et al. 2016). Although we do not know much about fungal 
associations of forest understorey plants, it was not unexpected 
that AM fungi associate with L. bullata, especially in areas 
that were initially dominated by Agathis australis that is solely 
associated with AM fungi (Ogden et al. 1992).

Lophomyrtus bullata  supported four orders 
(Diversisporales, Glomerales, Archaeosporales, and 
Paraglomerales) within Glomeromycota and nine of 16 families 
using the classification system outlined in Wijayawardene 
et al. (2020). Surprisingly, Glomeromycota diversity in L. 
bullata was higher than A. australis (Padamsee et al. 2016) 
and New Zealand Podocarpaceae (Russell et al. 2002). The 
high abundance (four times as abundant) of Archaeosporaceae 
in L. bullata as compared with other Glomeromycota families 
is also noteworthy. In studies of other NZ tree species, 
Archaeosporaceae occurred in low numbers or was absent in 
Podocarpaceae (Russell et al. 2002), A. australis (Padamsee 
et al. 2016), and Leptospermum scoparium (de Medina 2018). 
The Archaeosporaceae ZOTUs matched approximately 2% of 
diversity in the MaarjAM database. Additionally, the mean 
percent identity of matches for those 2433 ZOTUs to the 20 
MaarjAM sequences is 93.8%, (minimum 85%; maximum 
99%), which implies that although a lower number of species 
were recovered in the analyses, the ZOTUs may represent 
Archaeosporaceae species and/or sub-species yet to be 
recognised. In fact Archaeospora sp. (HM159462), that was 
a close match for 96.6% (2351 ZOTUs) of the total recovered 
18S ZOTUs, was initially found in a study examining AMF 
associated with a fly ash pond in India (Giridhar Babu & 
Sudhakara Reddy 2011). This species has not been formally 
described and we do not know how many of the 2351 ZOTUs 
represent this undescribed species as there is only 94% pairwise 
sequence identity match on average.

It may also be expected that one traditionally defined 
species may have more than one ZOTU, and that an OTU 
may represent more than one species. ZOTUs were used in 
this study as they enable resolution of closely related strains 
with potentially different phenotypes that would otherwise 
be lumped into 97% similar OTUs (Porter & Hajibabaei 
2018). The family Archaeosporaceae had far fewer ZOTUs 
(three) in the ITS data, which may be due to the sequencing 
platform (de Medina 2018). Another possibility for the lack 
of Archaeosporaceae ZOTUs is that the ITS primers may be 
biased against amplifying sequences from this family (Tedersoo 
& Lindahl 2016).

Not surprisingly, the ITS dataset was dominated 
by Ascomycota. However, the ZOTU richness of 
Archaeorhizomycetales, including a representative of the 
uncultured sister lineage of Archaeorhizomycetes GS31, was 
interesting as we do not know much about its ecology other 
than that they are commonly recovered in environmental 
sequencing studies (Kalsoom Khan et al. 2020). Although the 
ITS dataset (zotu1051; Appendix S3) indicated the presence of 
one species of ectomycorrhizal fungus, this was most likely a 

symbiont of Kunzea robusta rather than L. bullata. Scleroderma 
xanthochroum is known to be ectomycorrhizal and associates 
with Kunzea (McKenzie et al. 2006), which forms the canopy 
where this ZOTU was recovered (Six-Foot Track). Apart 
from the strictly arbuscular mycorrhizal family Glomeraceae, 
the ITS data demonstrate the presence of Helotiales which 
have ericoid mycorrhizal members but are also known to be 
saprotrophs (Rice & Currah 2006; Chambers et al. 2008). The 
ITS data demonstrate the presence of Phaeohelotium Kanouse 
an aggregate genus that has both mycorrhizal and saprotrophic 
species (Baral et al. 2013); however, it is difficult to confirm if 
these organisms are in symbiosis with L. bullata or are living 
as saprotrophs in the environment. Ascomycota were observed 
microscopically and with ITS data. Dark septate endophytes 
(Ascomycota; Faeth & Hammon 1997; Larran et al. 2007) 
were observed in L. bullata roots; they have also been found 
to be associated with A. australis (Padamsee et al. 2016) and 
Spinifex sericeus (Poaceae) (Johansen et al. 2016). Further 
research in different areas throughout the range of L. bullata 
will be needed to fully characterise and understand the role 
of its root endophytes.

Carbon, nitrogen, and C:N ratio influenced the composition 
of 18S communities, but not ITS communities. This difference 
might be due to the different communities detected by 
the targeted gene regions. The three sites differed in soil 
characteristics and fungal communities resulting in a lack of 
replication. In this study, the highest abundance of Glomeraceae 
was found at the site with the lowest soil pH (The Domain, pH 
c. 4.5). Our finding contrasts with previous studies reporting that 
Glomeraceae prefer alkaline and neutral substrates (Bainard 
et al. 2015). Since we found that Glomeraceae abundance 
associated with low soil pH, it may be possible that other soil 
properties (e.g. nitrogen and/or phosphorus content; He et al. 
2003) and plant species identity (Lekberg & Waller 2016) may 
be driving mycorrhizal community composition in these sites.

Arbuscular mycorrhizal communities have been shown 
to differ in composition between broadly defined habitats 
(tropical forests, temperate forests, grasslands, etc.) and the 
number of AM taxa on a host can differ between habitats (Öpik 
et al. 2006). We found that the AM ZOTUs across the three 
forest associations were similar even though there are some 
differences in plant community composition across the three 
sites (Fig. 4). The occurrences and abundances of ZOTU data 
suggest that individual trees may have the same fungal species 
composition but not the same species abundances. Further 
sampling of AM associated with L. bullata in other habitats 
and sites may confirm if this trend is observed elsewhere and 
enable further insights on the influence of L. bullata.

Our findings indicate that L. bullata supports a diverse 
range of AM fungi, especially Archaeosporaceae diversity, 
which has not been seen at this level in association with any 
other New Zealand plant species. With the threat of myrtle 
rust, these AM communities may also be under threat as  
L. bullata experience dieback and potential death. In 2021 
myrtle rust disease was found on some of the sampled plants, 
which underscores the urgency to understand the ecology of 
this threatened species.
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