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Abstract

towards understanding the cause of the disease.

Background: Needle fungi in conifers have been extensively studied to explore their diversity, but environmental
factors influencing the composition of fungal communities in Pinus radiata D.Don needles have received little
attention. This study was conducted to examine the influence of the environment as defined by rainfall, elevation
and temperature on the composition of fungal communities in pine needles at an age prior to that at which spring
needle cast (SNC) is generally observed. Elucidating the entire fungal community in the needles is a first step

Methods: Needle samples were collected from 5-year-old P. radiata trees, their age predating the onset of SNC,
from 12 plantations in Tasmania. Interpolated data for the climate variables, including seasonal components

for rainfall and temperature, were obtained from an enhanced climate data bank. Pooled needle samples were
examined for the fungi they contained using DNA sequencing of cloned polymerase chain reaction (PCR) products.
Clones were grouped into operational taxonomic units (OTUs) and identified to their lowest possible taxonomic
level by comparison with reference isolates and public DNA databases.

Results: DNA sequencing revealed that needle fungal communities differed greatly, depending upon the total
annual rainfall and needle age. Needle fungi that have been previously associated with pathogenic behaviour, such
as Cyclaneusma minus, Dothistroma septosporum, Lophodermium pinastri, Strasseria geniculata and Sydowia polyspora,
were all found in the needles in this study. Also, of 70 ascomycetous OTUs that were discriminated by their DNA
sequences, 21 were identified as belonging to the Teratosphaeriaceae.

Conclusions: An overview of the endophytic fungi present in the needles of P. radiata has been obtained from
trees whose age precedes the onset of SNC. All of the previously known pathogenic species for needle cast
diseases were present, in addition to a range of unidentified OTUs belonging to the Teratosphaeriaceae.
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Background

As described in previous studies (Ganley & Newcombe
2006; Koukol et al. 2012; Terhonen et al. 2011), the
Pinus phyllosphere (i.e. the environment for microorgan-
isms on and below the needle surface) is a rich and var-
ied microbial community. Its composition is strongly
influenced by both genotypic and environmental factors
(Botes et al. 1997; Van Maanen et al. 2000; Wang & Guo

* Correspondence: Morag.Glen@utas.edu.au

'Tasmanian Institute of Agriculture, University of Tasmania, Private Bag 98,
Hobart, Tasmania 7001, Australia

Full list of author information is available at the end of the article

@ Springer

2007). These factors can affect the complex interactions
between microbial organisms, which in turn influence
their interactions with their host plant (Giauque &
Hawkes 2013). Abiotic or environmental factors influ-
encing the composition of fungal communities associ-
ated with Pinus radiata D.Don needles have received
little attention.

Studies have shown that endophyte communities in
Pinus sylvestris L. needles can vary according to geo-
graphic location (Gourbiére & Debouzie 2003) and
elevation (Gourbiére et al. 2001). Communities in Picea
mariana (Mill.) Britton, Sterns & Poggenb. needles have
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been reported to vary with latitude (Sokolski et al. 2007).
A study by Hata and Futai (1996) showed that the endo-
phytic mycota associated with 45 pine species or varieties
was similar for those pines belonging to the same taxo-
nomic group. That study also concluded that endophytic
colonisation might reflect the degree of adaptation of the
host to local biotic and abiotic factors. However, consider-
able controversy exists about whether an endophyte, usu-
ally an organism such as a bacterium or a fungus, can
become a pathogen. Some authors have suggested that en-
dophytes may play a role in protecting trees from patho-
gens (Arnold et al. 2003; Bradshaw 2004; Gao et al. 2010),
but others maintain that a commensal or mutualist fun-
gal species can be triggered under certain environmen-
tal conditions to act as a virulent parasite (Krabel et al.
2013). The definition of an endophyte differs greatly,
but in a comprehensive chapter on endophytic fungi,
Stone et al. (2004) wrote that, in general, the term
endophytic fungi applies to ‘fungi capable of symptom-
less occupation of apparently healthy plant tissue’.
Broadly, this means that endophytes are viewed as colo-
nising living plant tissues without causing them any im-
mediately obvious negative effect. Nevertheless, others,
such as Brown et al. (1998), who elucidated the endo-
phytic fungal communities of the Musa acuminata
Colla species (banana) complex and found 24 taxa of
which almost all were ascomycetes, raised the question
‘Can endophytes of Musa spp. become pathogens?
They noted the strong correlation between lists of
pathogenic taxa of Musa spp. and frequently isolated
tropical endophyte genera, but in the context of their
study, they determined that it was not possible to con-
clude if banana pathogens isolated as species of endo-
phytes in healthy leaves were the same pathogenic
strains. As the fungi may be non-pathogenic strains,
they concluded that experiments following Koch’s pos-
tulates were required to confirm any pathogenicity.
Similarly, Larran et al. (2002) and Douanla-Meli et al.
(2013) found that their lists of fungal species in the
healthy leaves of soybean and citrus, respectively, were
predominantly or almost exclusively made up of com-
mon plant pathogens, but each study concluded that
further investigations were necessary to understand the
precise role of these endophytes.

Spring needle cast (SNC) in Tasmania appears in pine
plantations at canopy closure (age 6-—7 years) and is
manifested by the rapid browning of 1-year-old needles
followed by the heavy casting of needles. Spring needle
cast is not considered to be a classic needle blight dis-
ease caused by a primary fungal pathogen (Podger &
Wardlaw 1990); instead, it is thought to be due to a suite
of endophytic fungi that are triggered into secondary
pathogenic activity by an environmental stress. In their
study of 53 stands selected for climatic analysis, Podger
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and Wardlaw (1990) found that 23 of the sites were
visually assessed as having SNC, and that these stands
were restricted to a mean annual rainfall range of
1200-2000 mm and mean annual temperature range of
8-11.5 °C. Podger and Wardlaw (1990) putatively asso-
ciated Cyclaneusma minus, Lophodermium pinastri and
Strasseria geniculata with the disease in Tasmania, but
there were many areas with severe SNC where Podger
and Wardlaw (1990) found no fungal fruiting bodies of
these species on attached needles, dead or alive. How-
ever, these three species of fungi were ubiquitous on
fallen needles at sites both affected and unaffected by
SNC. More recently, fungal communities were surveyed
in a P. radiata family trial established in 1999 in Oonah,
Tasmania. The trial was assessed at 8 years of age in 2007
using DNA extraction from needles, polymerase chain
reaction (PCR) with fungal-specific primers and sequencing
to detect the presence of fungal species (Prihatini et al.
2015a). Trees with contrasting levels of SNC disease sever-
ity were found to have significantly different needle fungal
communities. The four fungi, L. pinastri, C. minus, S. geni-
culata and Dothistroma septosporum, previously reported
as common pathogens or endophytes in P. radiata in
Tasmania implicated in causing SNC (Podger 1984; Podger
and Wardlaw 1990) were also identified in the Prihatini et
al. (2015a) study. Of these, only L. pinastri was corre-
lated with high levels of disease. Several species of
Teratosphaeriaceae were also detected. Teratosphaeria-
ceae sp. 23 was detected in almost all of the needle
samples and was presumed to be endophytic as it was
associated with needles from healthy trees as well as
those affected by SNC. In contrast, Teratosphaeriaceae
sp. 3 was detected most frequently in needles from se-
verely diseased trees and not at all in needles from trees
with <5 % disease. An overview of the fungal species
detected in these two studies (Prihatini et al. 2015b)
highlighted the discrepancy between fungal associates
of P. radiata detected by PCR and sequencing and
those detected by isolation.

The present study was conducted in parallel with
Prihatini et al. (2015a, b) to explore the types and diversity
of needle fungi present in 5-year-old P. radiata in Tasmania,
an age at which all trees have green, non-symptomatic
needles, and to examine the influence of climate and land-
form as defined by rainfall, elevation and temperature
on the composition of fungal communities. The motiv-
ation for this was to obtain a catalogue of fungal spe-
cies from healthy tissues that could point towards the
fungi that caused, or might be implicated in, SNC. This
follows the approach of Petrini (1986) and Carroll
(1988), who advocated systematic sampling of healthy
plant tissue for internal fungi rather than the usual
practice of the time of examining diseased or necrotic
plant organs.
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Methods

Sampling sites and environmental data

Twelve P. radiata plantations were chosen in Tasmania for
the collection of needle samples from 5-year-old trees
(Fig. 1). At each site, five 20-tree plots had been established
for a previous study (unpublished), and needle samples
were obtained from those plots. Interpolated estimates
(data drill) of various aspects of rainfall and temperature
data were downloaded from SILO (an enhanced climate
data bank; Queensland Government 2014). These included
average annual mean temperature, average annual mini-
mum and maximum temperature, average winter mini-
mum and maximum temperature, average annual rainfall
and total monthly rainfall in winter and in summer. Rain-
fall was used both as a categorical predictor variable in a
permutational analysis of variance and as a continuous vari-
able in a permutational regression analysis (see the Statis-
tical Analysis section below). For the analysis of variance,
there were three replications (sampling sites), two classes
for elevation (above and below 320 m) and three classes for
mean annual rainfall: dry sites (<800 mm); intermediate
sites (800—1100 mm) and ‘wet’ sites (>1100 mm) (Table 1).

Needle samples

Four composite needle samples were obtained from each
site, corresponding to needles of four different age classes
(1-year-old, 2-year-old, 3-year-old and fallen needles), as de-
scribed in Prihatini et al (2015b), to reduce the number of
cloning reactions without losing information about the effect
of needle age on fungal communities. Needles were col-
lected between December 2006 and April 2007. Five trees
were randomly selected from each of the five 20-tree
plots, and a single fascicle of each class was taken
from the middle section of each tree. Fallen needles
were collected from beneath each tree. Fascicles in

Page 3 of 10

the same class were pooled for each site, placed into
paper bags and stored at 10 °C for 1-2 days before
drying at 42 °C.

DNA extraction

Approximately 1 cm was cut from the middle part of each
needle, placed into a 1.5-mL microcentrifuge tube and
stored at —80 °C prior to grinding with a mortar and pestle
Prihatini et al. (2015b). DNA extractions were performed
using the procedure described in Glen et al. (2002).

Polymerase chain reaction and electrophoresis

To amplify the ITS region, PCR was carried out using
primers ITS4A (Larena et al. 1999) and ITS5 (White
et al. 1990) with the conditions as described in Prihatini
et al. (2015b). Amplification products that were clearly
visible on an agarose gel stained with ethidium bromide
were cloned directly after purification with an UltraClean®
PCR Clean-up Kit (MO BIO Laboratories, USA). Samples
with insufficient product after the first round of PCR were
diluted 1 in 5 and re-amplified by nested PCR using the
primers ITS1 and ITS4 (White et al. 1990). Nested PCR
products were purified and cloned as above. All 48 samples
obtained by standard PCR or nested PCR were cloned.

Cloning of amplified DNA, screening and DNA sequencing
The PCR and nested PCR products were cloned using
pGEM*-T Vector Systems (Promega) according to the
technical manual provided. Clones were screened by
PCR-restriction fragment length polymorphisms (PCR-
RFLP), and three or four clones from each RFLP group
from each needle sample were sequenced. Chromato-
grams were viewed in ChromasPro version 1.34 software
and edited to remove poor quality sequences at each
end; the sequence was then saved in FASTA format.

presented in Table 1)

Fig. 1 Location of pine plantations in Tasmania from which materials were collected (latitude, longitude and other information of these sites are
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Table 1 Location (latitude and longitude), elevation and annual rainfall for each site

Site Coupe Latitude-longitude® Elevation (m)° Rainfall (mm)? Average minimum temperature (°C)
North East Annual® Monthly (winter)? Annual® Winter?
Branches Creek ~ BC029A 41.2653 146.6629 131 (L) 744 (D) 87.7 86 52
Springfield 1 SF121F 412118 147.6107 311 (L) 785(D) 894 8.1 4.8
Springfield 2 SF121B 412114 147.6261 294 (1) 785 (D) 894 8.1 48
Long Hill LH106A 413426 146.4901 120 (L) 988 (M) 131.8 6.9 37
Franklin FNO14H 43.0573 146.8787 293 (L) 1123 (W) 1152 53 26
Inglis River IR035D 41.1087 145.5974 111 L) 1353 (W) 170.8 7.0 42
Styx SX038Z 427770 146.8269 539 (H) 714 (D) 74 56 2.1
Tower Hill TH135A 415277 1479119 512 (H) 716 (D) 66.9 6.0 23
Nicholas 1 NI162B 414511 147.9764 338 (H) 915 (M) 829 5.7 2.2
Nicholas 2 NIT66A 414719 147.9829 324 (H) 915 (M) 829 5.7 22
Plenty PLO20X 42.8659 146.8929 427 (H) 876 (M) 852 47 20
Oonah 00072B 41.2299 145.6152 454 (H) 1439 (W) 1775 6.9 4.1

?Average from Global Positioning System data

BSites with elevation below 320 m above sea level are categorised as low (L), and sites with elevation at or above 320 m are categorised as high (H)
“Average of annual rainfall for the years 2000-2008 (samples were collected in 2008). Sites with mean annual rainfall below 800 mm are categorised as dry (D),
sites with mean annual rainfall above 1100 mm are categorised as wet (W), and sites with mean annual rainfall between these extremes are categorised as

moderate (M)

dadditional climate data obtained from SILO (Queensland Government 2014): total rainfall per winter month (TotRnW); average annual minimum temperature

(AvTmin); and average winter minimum temperature (AvTminW)

Sequencing of PCR products was performed by Macro-
gen Inc. (Seoul, Korea).

Fungal DNA identification

A search of public DNA databases (BLAST, Altschul et al.
1990) retrieved sequences of high similarity. Sequences
were grouped according to BLAST search results and
aligned with sequences of high similarity using Clustal\
(Larkin et al. 2007). If single nucleotide polymorphisms
occurred between clones from the same operational taxo-
nomic unit (OTU), chromatograms were rechecked to
confirm these. Isolates or clones with less than 2 %
sequence variation were grouped into OTUs. The OTUs
were identified to the lowest possible taxonomic level
based on sequence similarity to known fungi from public
DNA databases and reference cultures (Prihatini et al.
2015b). Phylogenetic analysis helped to refine the discrim-
ination and identification of OTUs. Several sequences
were selected from the best matches retrieved by BLAST
searches of public databases for each OTU and in-
cluded in phylogenetic analysis for that OTU. One or
two sequences from more distantly related taxa were
also included as outgroups. All sequences for each
OTU were aligned using the ClustalW program in
BioEdit version 7.0.9.0 (Hall 1999) prior to phylogen-
etic analysis using DNAml from the PHYLIP package
(Felsenstein 1989). Trees were drawn by TreeView soft-
ware (Page 1996) and edited using MEGA4 software
(Tamura et al. 2007).

Statistical analysis

All statistical analyses to study the community of needle
fungi present were conducted using PRIMER v6 (Clarke
& Gorley 2006), with its add-on PERMANOVA+ v1.0.2
(Anderson et al. 2008). The basic data matrix consisted
of the presence or absence of 70 ascomycetous OTUs
discriminated from the phylogenetic analysis on the 34
pooled samples that yielded clones. A Bray-Curtis re-
semblance (similarity) matrix constructed from all pos-
sible pairs of samples was the input for each of the
routines used. Both permutational multivariate analysis
of variance (PERMANOVA) and canonical analysis of
principal coordinates (CAP) were used to test separately
whether the factors needle age, elevation (low vs. high)
and total annual rainfall (dry, intermediate, wet) pro-
duced significantly different fungal assemblages. The
advantage of CAP is that it is specifically designed to
find canonical axes that maximise differences amongst
pre-defined groups in the data cloud, and it also tests
individual samples for the correctness or otherwise of
their group membership by cross-validation, employing
a leave-one-out procedure. The third routine used,
DistLM, modelled whether the climate variables eleva-
tion, rainfall and temperature could explain a significant
proportion of the variation in the data cloud. Total an-
nual and monthly rainfall data were available along with
average annual and seasonal data for maximum, mini-
mum and average temperatures. There were high corre-
lations amongst them so principal component analysis
(PCA) was first applied to the raw data, which was
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standardised to have unit variance. Subsequently, the
DistLM modelling was conducted on the first three prin-
cipal components, which accounted for almost all of the
total variation, and the Bayesian selection criterion BIC
was used as the ‘stopping rule’. All three routines of the
PERMANOVA+ program that were used here employed
9999 permutations.

Results

Identification of fungi amplified from P. radiata needles

A total of 504 clones were sequenced but only 439 clones
gave legible sequence results, allowing OTU assignment
and identification. Overall, 407 ascomycetous sequences
were identified. Sequences were grouped into OTUs with
over 98 % sequence similarity. After phylogenetic analysis,
70 ascomycetous OTUs were discriminated (Table 2), of
which 36 were detected from more than one sample.
Seventeen species of hitherto unknown members of the
Teratosphaeriaceae were identified as part of the P.
radiata marker-aided selection trial (Prihatini et al.
2015a) run in parallel with the current study, and nine
of these were also detected in the current study.

Fungal prevalence across sites

Clones for DNA identification were obtained for only 34
out of the 48 pooled samples. However, all 12 plantation
sites were represented by at least one pooled sample that
gave rise to clones. Each OTU observed in this study
(Table 2) was scored as present or absent in each pooled
sample. The ascomycetous OTUs present in at least three
of the 34 pooled samples are listed in Table 3, except for
S. geniculata and D. septosporum, which were less fre-
quent but are also included in Table 3 because of their pu-
tative previous involvement as causal agents of needle cast
disease. Forty OTUs were identified only from a single
site, but seven of these were detected in more than one
cloning sample at that site. The remaining 30 OTUs
were present in more than one site, but only six OTUs
occurred at six or more of the sites. Several of the com-
monly found OTUs were well-known pine associates
belonging to the genera Lophodermium and Cycla-
neusma, but their distribution varied amongst the 12
plantation sites, and none was found at all 12 sites. The
two most dominant OTUs were Teratosphaeriaceae sp.
26, found in 15 pooled samples at seven sites, and L.
pinastri, found in 14 pooled samples and at all but one
of the 12 sites. C. minus ‘simile’ and C. minus ‘verum’
were each identified at half of the sites.

Fungal communities

Effect of climate

Permutational multivariate analysis of variance (PERMA-
NOVA) produced a significant separation (P =0.0217) of
the fungal communities present at the three levels of
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annual rainfall (<800 mm, dry; 800—1200 mm, intermedi-
ate; >1200 mm, wet). Use of CAP provided further
evidence of the importance of rainfall, strongly separating
the three groups (P = 0.0048; see Fig. 2). Neither PERMA -
NOVA nor CAP analyses of fungal communities provided
evidence for an association between communities and ele-
vation (P=0.182 and 0.217, respectively). Similarly, using
DistLM, no evidence was found of a correlation between
fungal communities and temperature (P=0.167 using a
composite score from PCA), whereas there was evidence of
an association with rainfall (P =0.040 using a composite
score from PCA), thereby supporting the results from PER-
MANOVA and CAP that rainfall is a significant environ-
mental variable influencing fungal community assemblages.

Effect of needle age

Significant differences in fungal assemblages as a function
of needle age were also obtained using permutational
multivariate analysis of variance. From PERMANOVA,
pairwise differences were indicated between 1-year-old
needles and fallen needles (P=0.0128) and between 2-
year-old needles and fallen needles (P = 0.0022), with mar-
ginal evidence of an assemblage difference between 3-
year-old needles and fallen needles (P=0.0584). Using
CAP was an alternative method of testing whether or not
the multivariate means are different for the four different
age classes. Results were unequivocal in indicating a sig-
nificant difference between age classes (P =0.0181 (trace
test) or 0.006 (test based on the first squared canonical
correlation)), with eight out of the 11 fallen needle sam-
ples being correctly classified, ie. placed in the correct
needle class by the cross-validation procedure of CAP.
However, no 1-year-old needle sample was correctly clas-
sified; only two of the eight 2-year-old needle samples and
only two of the eight 3-year-old needle samples were cor-
rectly classified. This indicates that fallen needles have a
different fungal assemblage to those of the three age clas-
ses, with their OTUs being more distinct than those in the
needles retained by the trees. The widespread species L.
pinastri was present in 14 of the cloning samples, nine of
which were in fallen needles. The sites at which L. pinastri
was not present in the fallen needle sample were Tower
Hill, Styx and Branches Creek, the three driest sites.

Discussion

The main purpose of the study was to produce an inven-
tory of the fungi present in the needles of healthy trees
at an age that precedes the onset of SNC disease. This
was achieved with the identification of 70 distinct OTUs.
A number of these species were also found as part of the
P. radiata marker-aided selection trial (Prihatini et al.
2015a) run in parallel with the current study, including
some members of the Teratosphaeriaceae. However,
there is some doubt about the taxonomic placement of
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Table 2 List of all OTUs observed in this study with the number of cloning samples in which each OTU was present and a GenBank
sequence accession representative of that OTU

Class; order; family

OTUs

No. of cloning samples

GenBank accession

Dothideomycetes; Botryosphaeriales

Incertae sedis

Dothideomycetes; Capnodiales

Davidiellaceae

Incertae sedis

Mycosphaerellaceae

Teratosphaeriaceae

Dothideomycetes; Dothideales

Dothioraceae

Incertae sedis

Dothideomycetes; Incertae sedis

Botryosphaeriales sp. 3

Davidiella sp.
Davidiellaceae sp. 1
Davidiellaceae sp. 2
Capnodiales sp. 2
Capnodiales sp. 3
Phaeotheca fissurella
Dothistroma septosporum
Mycosphaerellaceae sp. 1
Phaeothecoidea sp. 1
Phaeothecoidea sp. 2
Pseudocercospora sp. 1
Ramularia stellenboschensis
Teratosphaeria aff. associata
Teratosphaeria aff. capensis
Teratosphaeria aff. parva
Teratosphaeria aff. suttonii
Teratosphaeriaceae sp. 3
Teratosphaeriaceae sp. 4
Teratosphaeriaceae sp. 5
Teratosphaeriaceae sp. 6
Teratosphaeriaceae sp. 7
Teratosphaeriaceae sp. 8
Teratosphaeriaceae sp. 9
Teratosphaeriaceae sp. 10
Teratosphaeriaceae sp. 14
Teratosphaeriaceae sp. 16
Teratosphaeriaceae sp. 17
Teratosphaeriaceae sp. 18
Teratosphaeriaceae sp. 19
Teratosphaeriaceae sp. 21
Teratosphaeriaceae sp. 23
Teratosphaeriaceae sp. 24

Teratosphaeriaceae sp. 26
Aureobasidium pullulans
Sydowia polyspora

Dothideales sp. 1

Dothideomycetes sp. 2

KM216350

KM216336
KM216333
KM216347
KJ406757
KM216329
KM216349
KM216330
KJ406801
KJ406802
KJ406792
KJ406795
KJ406791
KJ406767
KJ406771
KJ406775
KJ406763
KJ406765
KM216332
KJ406766
KJ406768
KJ406760
KJ406759
KJ406770
KJ406764
KJ406758
KJ406786
KJ406785
KJ406787
KJ406788
KJ406769
KJ406784
KM216331
KJ406761

KJ406825

KJ407006

KJ406831

KJ406840
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Table 2 List of all OTUs observed in this study with the number of cloning samples in which each OTU was present and a GenBank
sequence accession representative of that OTU (Continued)

Dothideomycetes; Pleosporales

Didymellaceae Leptosphaerulina sp. 1 KJ406837
Incertae sedis Pleosporales sp. 2 2 KJ406836
Montagnulaceae Paraphaeosphaeria michotii 3 KJ406849
Phaeosphaeriaceae Phaeosphaeria sp. 3 1 KJ406845
Sporormiaceae Sporormiella sp. 3 1 KJ406867
Sporormiella sp. 7 2 KJ406863
Eurotiomycetes; Chaetothyriales
Herpotrichiellaceae Exophiala eucalyptorum 2 KJ406880
Incertae sedis Chaetothyriales sp. 1 3 KJ406877
Chaetothyriales sp. 2 4 KJ406875
Chaetothyriales sp. 3 1 KJ406884
Eurotiomycetes; Eurotiales
Trichocomaceae Penicillium sp. 1 1 KJ406888
Penicillium sp. 2 4 KJ406887
Penicillium sp. 3 1 KJ406890
Penicillium sp. 4 1 KJ406894
Leotiomycetes; Helotiales
Helotiaceae Varicosporium aff. elodeae 1 KM216334
Incertae sedis Helotiales sp. 4 1 KM216351
Sclerotiniaceae Torrendiella eucalypti 2 KM216355
Leotiomycetes; Incertae sedis
Incertae sedis Cyclaneusma minus ‘simile’ 8 KJ406925
Cyclaneusma minus ‘verum' 9 KJ406907
Leotiomycetes sp. 1 3 KJ406966
Meliniomyces sp. 1 KM216335
Leotiomycetes; Phacidiales
Phacidiaceae Phacidium laceratum 2 KJ406930
Leotiomycetes; Rhytismatales
Incertae sedis Fulvoflamma sp. 1 KM216341
Rhytismataceae Lophodermium aff. conigenum 4 KJ406948
Lophodermium pinastri 14 KJ406957
Sordariomycetes; Sordariales
Incertae sedis Sordariales sp. 1 1 KJ406980
Lasiosphaeriaceae Bagadiella sp. 1 1 KM216344
Sordariomycetes; Xylariales
Amphisphaeriaceae Pestalotiopsis sp. 2 1 KJ406983
Ascomycota; Incertae sedis
Ascomycota sp. 1 3 KM216353
Ascomycota sp. 3 1 KM216354
Ascomycota sp. 8 2 KJ406964

Strasseria geniculata 2 KM216342
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Table 3 The major OTUs present in 12 young P. radiata plantations in Tasmania listed in decreasing order of prevalence in terms of

number of pooled samples

Site (no. of pooled samples)

BC(@2 SP1(3) SP2@4) ST(3) TH@ LHE@ N1@ N2@B PLGB) FR@ IIR(1) ONQ
Environmental conditions® DL DL DL DH DH ML MH MH MH WL WL WH
OTUs™:
Teratosphaeriaceae sp. 26 0 0 2 2 3 2 2 3 0 0 1 0
Lophodermium pinastri T 1 2 2 0 1 1 1 1 1 2 1 1
Sydowia polyspora 0 1 1 0 2 1 1 0 0 2 1 1
Cyclaneusma minus ‘verur’ 0 0 1 0 3 2 1 1 0 0 1 0
Teratosphaeriaceae sp. 23 0 3 3 1 0 0 0 1 0 1 0 0
Cyclaneusma minus ‘simile’ ' 1 0 2 0 2 0 1 0 0 1 1 0
Davidiella sp. 0 1 0 1 2 1 1 0 1 1 0 0
Chaetothyriales sp. 2 0 1 1 0 0 1 0 0 1 0 0 0
Lophodermium aff. conigenum* 0 0 0 0 0 0 0 1 0 2 1 0
Penicillium sp. 2 0 1 0 0 0 0 0 0 2 1 0 0
Phaeothecoidea sp. 1 0 0 0 0 0 1 1 0 2 0 0 0
Teratosphaeriaceae sp. 14 0 3 0 0 0 0 0 0 0 1 0 0
Ascomycota sp. 1 0 1 0 0 0 0 2 0 0 0 0 0
Chaetothyriales sp. 1 0 0 1 0 0 0 0 0 0 0 1 1
Davidiellaceae sp. 1 0 1 0 0 2 0 0 0 0 0 0 0
Leotiomycetes sp. 1 0 0 0 0 0 0 0 1 0 2 0 0
Mycosphaerellaceae sp. 1 0 0 1 0 0 1 0 0 0 1 0 0
Paraphaeosphaeria michotii 0 1 0 0 0 0 0 0 0 1 0 1
Phaeotheca fissurella 0 0 2 0 0 0 0 0 1 0 0 0
Teratosphaeriaceae sp. 3 0 0 0 0 0 1 0 0 0 0 1 1
Teratosphaeriaceae sp. 10 0 1 1 0 0 0 0 0 0 0 0 1
Dothistroma septosporum T 0 0 2 0 0 0 0 0 0 0 0 0
Strasseria geniculata 0 0 0 0 1 0 1 0 0 0 0 0

BC Branches Creek, SP1 Springfield 1, SP2 Sprindfield 2, ST Styx, TH Tower Hill, LH Long Hill, N7 Nicholas 1, N2 Nicholas 2, PL Plenty, FR Franklin, IR Inglis River,

ON Oonah

2Environmental conditions were categorised as dry (D), intermediate (M) or wet (W) based upon annual rainfall and low (L) or high (H) elevation
PEntries in columns 2 to 13 indicate the number of pooled DNA samples in which the OTU was found at a particular site. OTUs marked with ' are fungal species
that have been previously found to be associated with SNC or other needle cast diseases

some of the OTUs listed in Table 2. For example, Myco-
sphaerella was originally thought to be monophyletic
but has more recently been shown to be polyphyletic
(Crous et al. 2007). Also, genera such as Davidiella and
Teratosphaeria were split off from the genus and have
formed the basis of new families. Despite this, the separ-
ation between Teratosphaeria and Mycosphaerella is not
always clear, and many phylogenetically distinct taxa still
remain in ‘Mycosphaerella, ‘Teratosphaeria’ or in one of
the associated asexual genera, with their correct generic
disposition requiring clarification of their taxonomy and
DNA phylogeny (Crous et al. 2009). Obtaining living
cultures of previously described species, coupled with
advances in molecular techniques, is assisting in the
resolution of these generic complexes. With this in
mind, some of the 21 OTUs of the present study listed

in Table 2 as a “Teratosphaeriaceae sp.” may prove to be-
long to another family.

The needle fungal communities varied significantly
from site to site in the 12 different plantations of 5-year-
old P. radiata that were investigated. Other studies also
indicate similar significant variation in the needle fungal
communities of another Pinus species (P. sylvestris)
across different sites in the Massif Central in France,
colonised by the same or similar needle cast fungi active
in Tasmania, i.e. L. pinastri and C. minus (Gourbiere et
al. 2001; Gourbiére and Debouzie 2003). Results from
Prihatini et al. 2015a also indicated that needle fungal
communities may be highly variable amongst trees at a
single site. A key part of the original experimental design
involved conducting a needle-health survey in the 12
sites sometime during the following 3 years, when the
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Fig. 2 CAP analysis of fungal communities in 34 pooled DNA samples
from three rainfall categories (dry, intermediate, wet) of P. radiata
plantations in Tasmania

trees would be susceptible to SNC. Unfortunately, chan-
ging circumstances (particularly changes in ownership
and management of the plots) prevented this from tak-
ing place. Therefore, no definitive conclusions can be
drawn from the present study regarding the influence
of needle fungal communities on subsequent develop-
ment of SNC.

Of the two main variables reflecting climate, ie.
temperature and rainfall, only the latter influenced the
composition of needle fungal communities in these 5-
year-old trees. Podger and Wardlaw (1990) predicted that
an annual rainfall range of 1200-2000 mm was a climatic
characteristic of the disease distribution of SNC. Unpub-
lished reports from Forestry Tasmania records suggest
that the two wettest sites studied here (Inglis River and
Oonah) subsequently suffered from SNC but further
research is required to confirm these observations.

Conclusions

Many of the fungal species previously linked to needle-
cast diseases were present in needles of young, healthy
Pinus radiata. This indicates that environmental or host
factors may have a significant role in the development of
SNC. A range of previously unknown Teratosphaeria-
ceae species were detected in young pine needles, some
of these appear to be almost ubiquitous endophytes.
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